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ABSTRACT 
Concurrent oil and water flow in inclined pipes is a common 
·occurrence in deviated wells and production gathering systems. To 
predict properties associated with non-emulsified oil and water flow 
such as pressure gradient, two-phase flow correlations developed for 
gas-liquid flow or average flow properties of the oil and water must be 
used. 
The objective of this work was to study water holdup (water 
holdup defined as the in-situ fraction of the pipe occupied by water), 
and see what, if any, parameters have an effect on its magnitude. Fl ow 
pattern formation was also studied to determine its effect on holdup. 
The oil-water flow experiments were conducted with a flow loop 
constructed of 2 inch ID clean plastic pipe using a wide range of oil 
and water flow rates and involving inclination angles of 0, -15 and -30 
degrees from horizontal. For each set of flowing conditions, the system 
was allowed to reach steady-state, then the flow reg打ne was observed and 
the water holdup was measured. From the experiments, the flow regimes 
associated with oil-water flow differed greatly from flow regimes 
encountered with gas-liquid flow. It seems apparent that when comparing 
experimental flow regime data with modified and established gas-liquid 
dimensionless parameters there exists no meaningful correlation. Holdup 
data obtained indicates that it does vary according to certain 
parameters which include pipe inclination, flow patterns, and input 
fraction of water. 
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GENERAL ASPECTS OF THE PROBLEM 
CHAPTER I 
INTRODUCTION 
The simultaneous flow of oil and water in pipes is a common 
occurrence in oil production systems, occurring from the ·well perfo-
rations to the final stage of separation. Many times the oil and water 
will flow as separate phases rather than as an emulsion. At times when 
this happens, the measurement of certain fl ow prope俨ties, such as holdup 
of the more dense phase (holdup as 'used in this paper wil 1 be referred 
to as the volume fraction of pipe occupied by the more dense phase), or 
the prediction of pressure drop, becomes complicated by some of the same 
factors that make gas-liquid flow properties difficult to measure. Pipe 
inclination can further complicate the flow condition, which will affect 
both flow patterns and related holdups. The most common area where 
inclined oil-water flow occurs is in oil production. An example is 
sho咽n in Figure 1. Offshore oil fields tend to have the most inclined 
flow because well deviation can range from vertical to 80 degrees from 
vertical. 
With the increase in offshore dri 11 i ng and production, there 
is an increase in the transportation of well fluids through pipelines 
over long distances. Most well fluids are composed of oil and gas and 
frequently contain water. Water fractions will tend to increase over 
the productive life of the well. Therefore, water must be considered 
1 
2 
when predicting flow behavior that will be used in the designing of 
·wells, production facilities and pipelines. 
An extensive amount of research has been published in previous 
years concerning multi-phase flow in pipes. The fluids used have varied 
from a gas and a liquid to two liquids that are immiscible. A majority 
of the work has i nvo 1 ved gas-1 i quid fl ow through vertical or hori zonta 1 
pipe. Inclined flow was treated throughout these studies as a variation 
of these two situations. Present studies indicate that in horizontal 
gas-liquid flow, pressure gradients are higher with the presence of 
water. These pressure increases tend to be caused by an increase in the 
apparent viscosity of the 1 i quid near the interface of the two phases. 
The failure to plan for this pressure increase can lead to decreased 
productivity in wells and decreased capacities in pipelines. Likewise, 
the failure to account for slippage between oil and water phases can 
make separation designs ineffective. 
These facts just discussed necessitate the need to further 
study oil-water inclined flow. The significant parameters to be studied 
are pipe inclination and water input flow rates and their effect on 
water holdup and flow patterns in two-phase oil-water flow. 
PREVIOUS INVESTIGATIONS INVOLVING TWO-PHASE FLOW 
A voluminous amount of research has been conducted in the area 
of multi-phase flow in pipes since it is common in the nuclear, chemical 
and petroleum industries. A majority of the work involves gas-liquid 








An Example of Offshore Inclined Oil-Water Flow 
4 
these studies was to relate pressure ~rop as a function of various 
two-phase flow conditions. A few studies have included pipe inclination 
as a parameter but most were only concerned with a few degrees from 
horizontal because of its applicability to pipelines in hilly regions. 
Dukler et al.1 listed five approaches to the correlation· of 
gas-liquid flow. These are: 
1. Empi ri ca 1 correlations a 1 one 
2. Empirical correlations with dimensional analysis 
3. Empirical correlations utilizing similarity analysis and 
model theory. 
4. Mathematical analysis and theoretical development of 
equations using simplified physical models. 
5. Semi-empirical correlations developed from the 
conservation of energy and momentum equations using 
experimental data to evaluate the transport terms. 
To improve pressure drop correlations in gas-liquid flow, 
complex conditions were added by researchers. Pressure drop corre-
lations were improved by the development of liquid holdup correlations. 
Then, to help improve the holdup correlations, flow regime correlations 
were developed. One of the first flow regime maps that, at different 
input fractions, describes the different flow patterns was developed by 
Duns and Ros2 and published in 1963. This work involved correlations 
for vertical gas-liquid flow. Also, they described five distinct flow 
patterns - bubble flow, plug flow, slug flow, froth flow and mist flow. 
”Heading" was a term given to slug flow because a region was observed in 
the flow regime where the liquid seemed to be falling back along the 
5 
3 
wall of the pipe. Previously, in 1961, Ros had published results of a 
·study that was conducted on gas-liquid flow in vertical pipe. These 
results involved a dimensional analysis that used liquid density, 
interfacial tension and gravity as repeated variables. Hagedorn4 in 
1963 used this work to correlate vertical two-phase flow in his Ph.D. 
dissertation. 
There have been few studies on the effect of pipe inclination 
on g·as-liquid two-phase flow. Most of this work involved angles within 
approximately 15 degrees of horizontal. DeGance and Atherton5 reviewed 
several pressure drop correlations fdr gas-liquid flow for inclined and 
vertical pipe. They concluded that over the entire range of possible 
angles, there is no one va 1 id, genera 1 correlation for a 11 pipe sizes. 
Gregory6 published a study in 1975 in which several corre-
lations were compared using data that was available for angles from 0 
degrees to 10 degrees of hori zonta 1 • He determined that the 
7 8 
correlations of Lockhart and Martinelli and of Guzhov"' were the best 
available. However, it is fascinating that neither correlation 
contained any allowance for pipe inclination. 
9 Beggs and Bri 11 experimented with gas-1 i quid fl ow with 
different angles, ranging from vertical upflow to vertical downflow. 
They concluded that maximum liquid holdup occurred at approxi 『nately 55 
degrees from horizontal in upwards flow. From this a correlation for 
gas-liquid flow was developed which included the important parameter of 
pipe inclinatio『l.
Over the years, it has been noted that liquid-liquid flow has 
not received the attention that gas-liquid flow has received, but more 
6 
research is being done to remedy the situation. Some of the work 
involved the addition of water to reduce pressure loss in horizontal 
pipe flow of viscous oil. A study' of the flow regimes possible in 
horizontal liquid-liquid flow was·experimentally conducted by Russell, 
10 且~ The flow patterns observed in this flow were stratified, 
bubble and mixed flow. Pressure drop readings and holdup data were 
taken while observing the flow regimes. 
Stratified fl ow consisted of the more dense fluid fl owi rig 
along the bottom of the pipe and the less dense fluid travelling above. 
Bubble flow was interpreted as globules of one phase flowing within the 
other phase. Finally, mixed flow was defined as a combination of the 
11 two other flow regimes. Charles et al. studied two equal density 
liquids in two-phase flow. They determined that with a constant oil 
flow rate, an increase in the water flow rate will produce the following 
flow regimes: water drops in oil; concentric oil in water; oil slugs in 
water; oil bubbles in water and finally oil drops in water. 
12 Guzhov et a 1 • conducted a comp 1 ex study on the structura 1 
forms of liquid-liquid flow. This flow regime study involved flowing 
oi 1-water horizontally through l去 i ncn diameter pipe, observing and 
photographing the structural form of the flow. The structural forms of 
the flow of oil-water were as follows: 
1. stratified flow 
2. stratified flow with a dense layer of oil in water 
emulsion at the boundary. 
3. dense emulsion with very dense packing of oil globules in 
water. 
4·. complete emulsion flow 
(a) oil in water 
(b) stratified oil in water and water in oil emulsions 
(c) water in oil emulsion 
7 
From the data gathered, a flow regime map was developed which 
showed eight structural forms of o门－water flow which were dependent 
upon input oil fraction and mixture velocity. 
13 Soot and Knudsen experimented with downward oi 1-water fl ow. 
Throughout the course of their work they used a dispersed oil phase that 
was carr寸 ed in a continuous water phase. The end result is that the 
flow regime resembled a gas-liquid bubble flow pattern. Pressure drop 
and holdup correlations were developed for this particular flow pattern 
and then the correlations were compared with other data to see if there 
is any change. A standard deviation of 20 to 30% was noted. 
14 A study completed by Mukherjee et al. experimented with 
diesel oil and water at various angles of inclination from 士30 degrees 
to ±90 degrees. Upward vertical flow is indicated by an angle of +90 
degrees while downward vertical flow is indicated by ” 90 degrees and 
horizontal flow is designated by an angle of 0 degrees. They gathered 
ho 1 dup and fri cti ona l pressure drop data and corre 1 ated these to the 
input fraction, pipe inclination, Frouc;le Number and Reynolds number of 
the particular flow condition. One of their recommendations was that 
11future studies should not exclude the important inclination angles 
between 30 degrees and -30 degrees ”. 
It was concluded, after reviewing the previous literature con-
cerning gas-liquid and liquid-liquid two-phase flow, that there is a 
8 
conspicuous absence of work involving liquid-liquid downhill flow. 
Therefore, there needs to be more study conducted with two-phase 
liquid-liquid flow at negative inclinations. 
SCOPE OF EXPERIMENTAL WORK 
The experi men ta 1 data was co 11 ected from a test fl ow 1 oop 
1 ocated in the Petro 1 eum Engineering Bui 1 ding on the campus of the 
University of Texas at Austin. 
The test loop shown in a schematic diagram in Figure 2 was 
constructed of clear plexiglass pi'pe and was used to study certain 
predetermined parameters. The parameters varied were: (1) the oil flow 
rate (50-700 B/D), (2) the water flow rate (50-700 B/D), (3) the pipe 
inc 1 i nation ( 0 degrees, -15 degrees, and -30 degrees) with -15 degrees 
and -30 degrees designated as do咽nhi 11 fl ow. The parameters studied 
were water holdup and flow regimes. 
Oil and water were pumped through the system simultaneously, 
at a certain inclination angle with the oil rate held constant and the 
water rate incremented from 50 - 700 B/D, while observing the 
corresponding fl ow regimes at each set of fl ow rates. This process was 
repeated with a different oil rate held constant and the water rate 
incremented until all the selected oil rates at a certain angle were 
tested. Then the angle was changed and this process repeated. This 
allows for the effect of oil and water rate changes and inclination 
angle on fl ow regimes. 
Within this experimental work, holdup will be studied to see 
what, if any, parameters have an effect on its magnitude. 
9 
Flow patterns will be defined and evaluated to understand 
their effect on holdup. 
Holdup was measured by using two 11quick closing" pneumatic 
ball valves. This allows for the effect of varied oil and water flow 
rates and pipe inclination on holdup to be studied. 
The data collected was from 363 test runs with each run 
repeated twice to get an ”average" for the particular run. 
The next chapter describes. the apparatus needed for the 
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Figure 2 
Schematic Diagram of Test Flow Loop 
CHAPTER I I 
EXPERIMENTAL APPARATUS AND TESTING PROCEDURE 
EXPERIMENTAL APPARATUS 
A test flo咽 system was designed and constructed to obtain 
experimental data. The flow system consists of a flow loop, two 
two-stage vertical separators, an oil reservoir, two water reservoirs, 
two centrifugal pumps, measuring equipment and a filtering system. 
Flo侧 Loop
The fl ow loop consisted of 2” inch diameter, clear, plexiglass 
pipe mounted along a steel beam. The pipe is mounted on the top and 
bottom of the steel beam with a 180 degrees elbow mounted at the end of 
the loop, to allow the test liquid to flow around and through the bottom 
pipe. ·The pipe has four 2-inch ”quick-closing ” pneumatic ba 11 va 1 ves 
which make it possible to measure quantitatively the holdup of the more 
dense phase. After the flow is stabilized, the valves will be closed, 
capturing the oil-water stream which when allowed to separate, will give 
an indication of the holdup under flowing conditions. The beam is 
mounted on a fulcrum which allows inclinations up to 30 degrees from 
horizontal to be used. Since the pipe is mounted on either‘ side of the 
beam, upward and downward flow, and related holdups can be studied 
simultaneously. Two metal bars with drilled holes are at the 11U11 shaped 
end of the pipe which can be used to lock the beam at a desired angle. 
11 
12 
At the opposite end of the beam, weights are mounted to a 11 ow for easy 
’ upward and downward movement of the flow loop. Side views of the flow 
loop are shown in Figure 3 and 4. 
Two-Stage Vertical Separators 
Each separator is 6告 feet in height and is 2 feet in diameter 
with a capacity of 150 gallons or 3.6 barrels and stand side-by-side. 
Water is removed from each separator through a drain at the bottom. 
Water from the right separator flows through a two-inch gate valve along 
2-inch pipe toward the water pump. 'The water from the left separator 
flo州s through a 2-inch two diaphragm valve into the 2-inch pipe mixing 
with the water from the other separator. The water then flows to the 
water pump. Oil is removed only from the right separator through a 
2-inch gate valve about 2/3 of the way up the separator well within the 
oil column. Once past the valve the 2-inch pipe is nippled down into 
1-i nch pipe which con ti nu es a 11 the way to the oi 1 pump. The mixed 
stream of oil and water is discharged from the clear, plexiglass flow 
loop through 2-inch pipe into the upper 1/3 of the left separator. The 
separators are connected through valves by two flexible hoses, the top 
hose a 11 ows oil fl ow between the separators and the bottom hose a 11 ows 
water to flow from one separator to the other. The levels of oil and 
water were kept at a certain height to assure that only oil was being 
drawn into the oil pump and water was flowing to the water pump. Four 
































Side View of Flow Loop 
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Oil Reservoir 
Oil storage consisted of a 55 gallon drum placed to the left 
of the two separators. It is connected to the oil discharge pipe by a 
1-inch pipe with a 11tee” which was nippled down from a 2-inch pipe which 
is mounted through a hole in the top of the reservoir. A 1” ball valve 
is used to seal off the reservoir from the oil line. The drum has a 
1-inch pipe which has a valve that allows pressurized nitrogen to be 
pumped in, which forces the oil to be pushed out of the reservoir and 
into the oil 1 i ne when needed. 
Water Reservoirs 
Water storage consisted of two 5 foot high cylinders with 1告
foot diameters each having a capacity of approximately 66 gallons or 1.6 
barrels. Each reservoir has a 2-inch pipe with a gate valve that is 
connected at the 4 foot level. Water from the system can be discharged 
into each reservoir through this two-inch pipe. Water can be discharged 
from the two reservoirs by 1-inch pipe that is connected near the bottom 
of each reservoir. 1-inch gate valves are used to seal off the reser-
voirs from the water discharge pipe. There is a 1-inch pipe that 
connects both reservoirs at the 4-3/4 foot level to prevent overflow. 
Pumping System 
Oi 1 and water from the separators were pumped by two l告xlx6
Worthington centri fuga 1 pumps, mode 1 01011 with 3 horsepower motors. 
Each pump has a discharge rating of 100 ga 11 ons per minute. Each pump 
discharges its respective liquid into a manifold which, in turn, routes 
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the water stream to a mass fl ow meter and the oil stream to a turbine 
meter located down stream. 
Measuring Equi p『nent
The metering of the oil and water was accomplished by a 
calibrated turbine meter and mass flow meter, respectively. The turbine 
meter is a Daniel 1401-lP which has a flow capacity of 60 GPM with a 
181A ·transducer mounted on top. ·The mass fl ow meter is a model C50 made 
by Micro Motion, Inc. It has a flow capacity of 440 lbs/min (2400 GPM). 
MEASUREMENT OF PARAMETERS 
Both a turbine meter and mass flow meter were used to measure 
the flow rates of oil and water in the flow system. Since the mass flow 
meter was calibrated at the factory an additional calibration was not 
performed. The mass flow meter was, however, used to calibrate the 
turbine meter. The Daniel turbine meter1s readout is in percent flow 
（刻， therefore, to convert the readout to barrels per day (B/D), the 
mass flow meter was used in series with the turbine meter to make the 
conversion. First, the readout of the mass fl ow meter was in 1 bm/mi n, 
so for convenience, it was necessary to calculate a conversion factor 
that could be used to change lbm/min to B/D. So for oil: 
1 bm ft3 
iii1百 λ62.4 lbm {0.754) x Barrel 1440 min 5.615 ft3 " Day 
5 .45 (Reading from mass fl ow meter) = B/D 




Secondly, 24 runs with 100% oil were made while recording the 
readouts of the mass flow meter and turbine meter, respectively. The 
results are listed in Table I. Next, to check the linearity of the 
turbine meter, a plot of turbine meter (% flow) vs. mass flow meter 
(B/D) was made, with a best fit line drawn through the points. Figure 5 
shows the finished plot and best fit line. Finally, to convert the % 
flow readings to B/D, start at a flow rate on the X axis, then proceed 
vertically until the best fit line is reached. Then move horizontally 
to the Y axis. This number is the corresponding % flow reading for the 
chosen oil flow rate in B/D. 
This method was used throughout the experiment to determine 
the oil fl ow rate through the turbine meter. This procedure was 
duplicated using water instead of oil so that the turbine meter could be 
used to measure either‘ oil or water flow rates. Table II and Figure 6 
show the results and final plot for water, respectively. 
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TABLE I 
LINEARITY CHECK OF TURBINE METERS 
(100% oil) 






















































Flow Meter Readout Mass 
Figure 5 
Plot of Turbine Meter Readout vs. 
TABLE II 
LINEARITY CHECK OF TURBINE METERS 
(100% water) 







66.0 、 4.0 
49.0 3.0 
33.0 2.0 
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Plot of Turbine Meter Readout vs. Mass Flow Meter Readout 
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15 According to Eaton et al. the measurement of holdup can be 
accomp 1 i shed severa 1 ways, and these methods usually fa 11 into two cat-
egori es. 
1) Indirect holdup measurement 
a) Acoustic velocity in a two-phase mixture 
b) Electric resistivity of a two-phase mixture 
c) Thennal conductivity of a two phase mixtu陀
d) Capacitance of a two-phase mixture 
2) Direct holdup measurement 
a) Sampling probes 
b) Photography 
c) Direct measurement by use of quick-closing valves 
From a review of the literature concerning holdup, direct mea-
surement by quick closing ball valves was the best method possible under 
the present circumstances. 
The valves were placed approximately 4 feet apart on both the 
top and bottom sections of the plexiglass tubing in the flow loop. 
Figure 7 shows a drawing of the pipe and closed ball valves. There is a 
section between the end of the pipe to the ba 11 in the ba 11 va 1 ve where 
the volume must be determined. This volume is shown in Figure 8. This 
11blind” section vo 1 ume can be detenni ned by subtracting the vo 1 ume of 
water that is left in the pipe and outside the valve from the initial 
input volume of water. Figure 9 shows an example at 30 degrees. It 
follows that: 
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(water outside the valve) - Volume (input) Volume = (valve) Volume 
To calculate the volume of the fluid outside the blind section 
τr2 L 』(pipe) Volume 
= 4.40 cm. 
- 
- 
x/2 』where L 
or 89.17 cc 89.17 cm3 
- 
- 








cc (250 ” 89 .)7) 
- 
valve) V ( ba 11 
valve varying see to inclinations different 
that could be expected. 






















































































Pipe and Closed Ball Valves 
Figure 8 







Ball Valve and Liquid Level Markings 
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the ba 11 valve volume V wi 11 be calculated as fo 11 ows: 
’ bv ’ 
vbv = (163+162.6+170.6+160.83)/4 = 164 cc 
now, the volume of pipe is 
VP ＝ τr2L ＝节（ 2. 54cm) 2 (125 cm) = 2533. 5 cms 
therefore the total volume of the pipe including both "blind” valve 
section volumes is 
VPT = pipe volume + valve volumes = 2533.5 + 164 + 164 
= 2861.5 cc 
To be able to read what the captured holdup volume is, increment lines 
\ 
must be marked on the plexiglass pipe between the valves. Marks at 1 cm 
intervals will be used. 
,,..-----
So for 0 cm mark: 
Volume (0) = 89.17 + 164 = 253.2 cc; 
for 1 cm mark: 
Volume (1) = 253.2 cc ＋ τr2L 
= 253.2 cc ＋ τ （ 2.54 cm)2 (1 cm) 
= 273.5 cc 
Therefore, at 30 degrees, each 1 cm adds 20.3 cc. The other angles use 
a similar calculation: 
Angle v Volume added for each cm 
(_p~grees) (ce) {cc) 
5 752.4 20.3 
10 457.0 20.3 
15 356.1 20.3 
20 305.4 20.3 
25 274.4 20.3 
30 253.2 20.3 
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Apparatus Problems 
In the course of using the flow system, certain problems 
developed that needed to be solved. The first, and most troublesome 
problem, was bacteria growth in the oil. Since Soltrol 130 is a 
distilled mineral oil, it lacks key components, that diesel oil, for 
example, may contain to keep bacteria growth in check. When the experi-
ment first started, bacteria gr。wth was minimal. However, as the 
experiments proceeded, a large quantity of bacteria was encountered. At 
first, the growth was assumed to be algae, however, repeated attempts to 
kill the growth using chlorine and bleach proved unsuccessful. Next a 
sample was taken for analysis and at that time it was determined that 
instead of just algae, the growth was a strain of algae bacteria. From 
that point, an algicide was considered for use in the management of the 
bacteria. Severa 1 chemi ca 1 companies were contacted and Hydrochem was 
chosen. The biocide selected for use was A 706 Algicide. The quantity 
needed is one pint for every 300 ga 11 ons. 
After repeated application, the bacteria was finally under 
control but the biocide tended to make the water somewhat opaque. This 
tradeoff was considered satisfactory for the remaining experimentation. 
Since some of the experimentation depended on distinct phases 
of oil and water an emulsion was not wanted. Considering that the flow 
rates of oil and water were each approaching 700 B/D, the possibility of 
creating an emulsion was increased. So, the method decided upon for the 
eli 『nination of the emulsion was the use of a demulsifier. Magna Corpo-
ration, a Baker International Company, provided a demulsifier known as 
DI-Chem 354 for use in the oil and water mixture. The proper 
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concentration needed is 1 cc of demulsifier for every 100 gallons of 
fluid to be treated. Therefore, approximately 3 cc of DI-Chem 354 was 
used. Each time the water was changed, new demulsifier was added. 
EXPERIMENTAL PROCEDURE 
Experimental data that was obtained from each test consisted 
of visual observation of the flow pattern, angle of inclination, fluid 
flow rates and water holdup. The're was no problem making visual obser-
vations with the clear plexiglass pipe in the flow loop. Each test 
consisted of taking three separate readings of holdup. It took 5 minutes 
for the system to reach steady-state each time. 
The complete procedure for each test took an average of 15 
minutes and consisted of the following steps: 
(1) The desired flow rate of oil was set by adjusting a ball valve in 
the oil line in the manifold and noting the turbine meter readout. The 
water fl ow rate was set in a s imi 1 ar manner except that the fl ow rate 
was meter、ed through a mass flow meter. 
(2) After the flow rates were set, the flow loop inclination angle was 
set for that test run. 
(3) When the flow stream reached steady-state, approximately 5 minutes 
later, a visual observation of the flow pattern was made and its appear-
ance recorded. Still photographs of each different flow regime were 
taken at this time. 
(4) Finally, the switch that controls the pneumatic valves was thrown, 
the valves closed and 30 seconds later, after the two phases separated, 
water holdup was measured. 
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( 5) The va 1 ves were then opened and the procedure was repeated twice 
more at that angle of inclination. 
These steps were followed for each test run. The water flow 
rates varied from 50 to 700 8/0. The oil rate also varied from 50 to 
700 8/D. The total liquid flo.w rate ranged from a low of 100 8/D to a 
high of 1400 8/[]. The physical properties of the two test liquids are 
listed in Table III. 
‘ \ 
TA日LE III 
Physical Properties of Test Liquids 
SOLTROL 130" 
PROPERTIES 
Distillation range, initial boiling point, F 
10'.t Condensed, F 
50'1 Condensed, F 
90~ Condensed, F 
End point, F 
Specific gravity of liquid at 60 60 F 
API gravity at 60 F 
Density of liquid at 60 F, lb/ft3 
Bromine number 
Flash point by TCT, F at 760 mm 
Co 1 or, Saybo lt 
Sulfur content, weight percent 
Unsulfonated residue, volume percent 
Acidity, di sti 11 at ion residue 
Anil fne point, F 
Copper corrosion, 3 hrs at 212 F 
Kauri-Butanol value 
Evaporation rate, minutes 
Kinematic viscosity, cs at 32 F 
cs at 100 F 
’ Available through Phillips Petroleum Cαnpany 
Water 
PROPERTIES 
Roiling Point, F 
Specific gravity of liquid at 60。F
Density of 1 iquid at 60°F, lb/ft3 




























33!i min-360 max 
345 min-365 max 
355 min-370 max 
370 min-390 max 
380 min-410 阳X
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OBJECTIVES OF THE FLOW REGIME STUDY 
The ability to predict the flow regime in a liquid圄 liquid
system at a specific set of parameters such as flow rate, fluid prop-
erties and pipe geometry would be of great importance when designing 
pipelines and facilities in which liqu.i'd-liquid flow will occur. 
One possible method used in predicting these flow patterns are 
presented by means of flow regime maps. These maps basically consist of 
plotting two independent flow parameters, such as the flow rates or 
ve 1 oc it i es of each phase, with each pattern or regime occupy; ng a 
certain portion of the plot. 
A large majority of the flow regime maps, like the maps 
presented in this section, are limited to the parameters and conditions 
under which they occurred. Therefore, the realistic usage of these flow 
pattern maps have limitations. 
If a flow regime map was produced that used generalized 
parameters instead of specific parameters, this would be the ultimate 
solution to this problem. 
For gas-liquid flow there exists a number of flow pattern maps 
16 that use generalized flow parameters. In 1954, Baker proposed one 
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of the earliest flow regime maps. In the ensuing years, other flow 
regime maps were introduced using both dimensionless and dimensional 
coordinates. Taitel and Dukler (1976), proposed a generalized, 
dimensionless, gas-liquid flow regime map based on a mechanistic model 
for transition boundaries between the regimes. The study placed an 
emphasis on the mechanisms of these transitions. This method then took 
into account other parameters such as pipe inclination for flow regime 
prediction. 
In liquid-liquid flow, most flow regime maps have used 
superficial phase velocities as the flow parameters. One important 
study on flow regimes conducted with horizontal liquid-liquid flow was 
10 completed by Russe 11 et al. The conclusion reached was that the 
horizontal flow of two immiscible liquids produced three possible flow 
patterns: bubble, stratified and mixed. Another liquid-liquid flow 
study, this time involving equal density liquids, was conducted by 
11 Charles et al. They concluded that with the oil rate constant, and 
increasing the water rate, the flow regimes created ranged from water 
drops in oil to oil drops in water with a combination of each occurring 
in between. 
From the work that has been previously presented, there is a 
large amount of research involving horizontal gas-liquid flow regime 
maps with a smaller amount of inclined gas-liquid flow maps. In 
liquid-liquid flow, most work has involved horizontal flow regime maps. 
There are very few studies involving inclined liquid-liquid flow regime 
prediction and mapping. 
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17 Since the work by Taitel et al. involves a generalized 
gas-liquid flow regime correlation, it could be possible to modify this 
correlation to include all the criteria for liquid-liquid flow. This 
author's objective, therefore, is to generate flow regime maps for 
liquid斗 iquid flow for horizontal and downhill flow (negative angles) 
using data gathered experimentally. A 1 so, the fl ow regime data can be 
compared with results obtained with Taite 1 et a 1. ’ s modified gas-liquid 
flow ·r、egime map to see if there is any agreement at a 11 with the 
experimental data. 
Some of the names and descriptions of the flow regimes encoun-
tered are based on es tab 1 i shed industry defi ni ti ons. However, certain 
flow patterns are different from any other definition found. The flow 
regimes that are labeled by an aster‘ isk (*) are not an industry standard 
but were developed to describe flow patterns observed in this study. 
DEFINITIONS OF LIQUID-LIQUID FLOW REGIMES 
The following descriptions of the flow regimes encountered 
during the experi 『nentation will indicate the angle of inclination at 
which it occurred, describe the flow pattern and present a photograph of 
the actual flow regime. The flow patterns are listed in the order in 
which they were observed at a preset angle of inclination and as the 
fl ow rates of oi 1 and water were increased. The fl ow patterns that 
occurred are: 
A. Horizontal Flow (0 degrees) 
(1) Stratified Smooth (SS) 
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The two liquids flow as distinct phases with the lighter 
phase on top and the denser phase flowing along the bottom 
of the pipe and there exists a waveless interface between 
the phases. An example of this regime is shown in a 
photograph in Figure 10. 
(2) Stratified Wavy (SW) 
The flow regime is essentially the same as stratified 
smooth, except that at the interface ripples and waves are 
present. Figure 11 shows a photograph of ·the flow regime. 
(3) Stratified Bubble (SB)* 
This flow regime is identified by a phase separation with 
water bubbles flowing in the upper phase of oil while oil 
bubb 1 es tend to fl ow in the denser water phase with a 
distinct oil-water interface. This regime is displayed in 
a photograph in Figure 12. 
(4) Massive Bubble (MB)* 
This regime is characterized by no phase separation. Oil 
bubbles are flowing in a continuous phase of water. The 
oil bubbles tend to be dispersed evenly through the water 
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Figure 12 
Stratified Bubble Flow Regime 
















B. Down Hill Flow (-15 degrees) 
(1) Stratified Wavy with Churning (SWC ）肯
丁his flow pattern is similar to the stratified wavy flow 
pattern because of a distinct phase separation and wavy 
interface, however, the oil stream and bubbles tend to 
flow in a churning motion upwards against the direction of 
fl ow, from the interface toward the top of the pipe. Some 
of these bubbles seem to drift upwards along the top of 
the pipe as the rest of the oil phase flows downward. The 
more dense phase of water seems to travel faster or ”slip 
by” the oil phase. This regime is described by a 
photograph in Figure 14. 
(2) Stratified Wavy (SW) 
This regime is essentially the same as the pattern 
observed in hori zonta 1 fl ow. The waves on the interface 
are somewhat flatter than the waves in horizontal flow. 
Figure 15 is a photograph of this regime. 
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Figure 14 
Stratified Wavy with Churning Flow Regime 






















(3) Stratified Bubble (SB ）古
The description of this regime reflects the same 
character‘ f stics as the flow pattern encountered in 
horizontal flow. A photograph of this regime appears in 
Figure 16. 
(4) Massive Bubble (MB)* 
This flow pattern is unchanged from horizontal to inclined 
flow. Figure 17 shows a photograph of the pattern at this 
particular angle. 
C. Down Hill Flow (-30 degrees) 
(1) Stratified Wavy with Churning (SWC)* 
Similar to the flow pattern observed at 国 15 degrees, this 
regime is depicted in a photograph in Figure 18. 
(2) Stratified Wavy (SW) 
The regime is identical to the stratified wavy regimes ob-
served at horizontal and at an angle of -15 degrees. A 
photograph deta i1 i ng this pattern is shown in Figure 19. 
(3) Stratified Bubble (SB ）肯
This regime resembles stratified bubble flow at horizontal 
and at -15 degrees. Figure 20 displays a photograph. 
(4) Massive Bubble （阴B)*
The description of this regime is identical to the regimes 
observed at horizontal and at -15 degrees. A photograph 
of this pattern is in Ffgure 21. 
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LIQUID圄LIQUID FLOW REGIME MAPS GENERATED FROM EXPERIMENTAL DATA 
Data for the genera ti on of the three fl ow regime maps to be 
presented was gathered using the experimental flow loop discussed 
previous 1y. The oil fl ow rate wi 11 be he 1 d constant whi 1 e the water 
flow rate is varied from 50-700 B/D (0.15 ” 2.1 ft/sec). The velocities 
just presented represent superficial velocities. Superficial velocity 
of a phase is the average velocity of the phase if it filled the entire 
pipe, or, as if it were a single phase. The velocities encountered in 
the future will be considered superfida1 unless otherwise noted. The 
range of the oil flow rates is the same as the flow rates for water. A 
major‘ f ty of the possible flow rate combinations was observed, with each 
corresponding flow regime noted. After all the data for horizontal flow 
was collected the angle of inclination of the pipe was changed and the 
process was repeated for -15 degrees and -30 degrees, respectively. The 
data points were plotted on standard coordinates with oil velocity on 
the X-axis and water velocity on the Y-axis. 
The following explanations of the three generated flow regime 
maps will indicate at which approximate velocities of oil and water that 
transition boundaries occur and show that at these boundaries the 
transition from one pattern to another was not well defined and the 
lines represent gradual transitions. 
A. Liquid-Liquid Flow Regime Map for 0 degrees 
For this angle of inclination, there exists three flo峭俨egime
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Flow Regime Map for Oil and Water 
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parameters investigated. The parameters used in these flow regime maps 
are the superficial velocities of each liquid phase. Superficial 
velocity of a phase is defined as the flow rate of that phase divided by 
the cross-sectional area of the pipe in which it is flowing. The regime 
boundaries are listed in the order in which they appeared during the 
experimentation. The flow regime boundaries are shown on a map in 
Figure 22. The boundaries are: 
(1) Stratified Smooth/Stratified Wavy 
The stratified smooth flow. pattern was observed in the 
lower end of the oil and water velocities studied. This 
regime occurred at a minimum total superficial velocity of 
0.18 ft/sec to a maximum of 0.45 ft/sec. This maximum 
total velocity designates the approximate region where the 
transition from stratified smooth to stratified wavy flow 
took place. 丁his transition could be cause by turbulence . 
from the higher flow velocities. 
(2) Stratified Wavy/Stratified Bubble 
As the total superficial velocity of the oil and water was 
increased from 0.45 ft/sec, the waves on the interface the 
two phases became smaller and bubbles from each phase 
started to gather in the other phase near the interface. 
At a minimum total velocity of 2.33 ft/sec, (V = 0.23 、 so
ft/sec and Vsw = 2.1 ft/sec), the transition between 
stratified wavy and stratified bubble flow was begir:ming 
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to occur. This transition was observed at various total 
velocities, from the minimum velocity just mentioned up to 
a maximum total v~locity of 3.03 ft/s (V = 2.1 ft/sec 
so 
and Vsw = 0.93 ft/sec). This transition boundary tends 
to occur when the turbulence of the two liquids cause 
bubbles from each liquid to flow in the continuous phase 
of the other liquid with the interface showing a slightly 
less wavy interface than in stratified wavy flow. 
(3) Stratified Bubble/Massive Bubble 
This fl ow boundary was observed to occur at a tota 1 
superficial velocity of approximately 3.0 ft/sec. It 
ranges from V = 1.7 ft/sec and V = 1.3 ft/sec to SO SW 
V 0 = 1.3 ft/sec and V = 1.7 ft/sec. The transition SW 
from stratified bubble to massive bubble seems to be 
caused by greater turbulence in both phases from the 
increase in the flow velocity of each liquid. Massive 
bubble flow was observed at the highest velocities 
achieved in the experimentation. 
Figure 23 shows drawings prepared from photographs of the oil 
and water mixture used in the experimentation showing the variation in 
the flow pattern with the oil velocity remaining fixed at 1.5 ft/sec and 
the water velocity being varied, from 0.3 ft/sec to 1.8 ft/sec. 
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Flow Regime Variation with Water Velocity 
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B. Liquid-Liquid Flow Regime Map for -15 Degrees 
For thi s ‘ angle of inclination below horizontal, four flow 
regimes exist separated by three transition boundaries for the range of 
oil and water parameters studied. The following list of transition 
boundaries are in the order in which they were observed during the 
experiments. These fl ow regime boundaries are shown on a map in Figure 
24. The boundaries are: 
(1) Stratified Wavy with Churning/Stratified Wavy 
The stratified wavy with churning flow pattern was 
observed over the entire range of water velocities with an 
oil velocity from 0.15 to 0.38 ft/sec. The maximum oil 
velocity of 0.38 ft/sec indicates the area where the 
churning motion in the oil phase is broken up by 
turbulence and the entire oil phase starts to flow in the 
general downward direction of fl ow. 
(2) Stratified Wavy/Stratified Bubble 
As the total superficial velocity of the oil and water 
approached 2.4 ft/sec (V = 0.3 ft/sec and V = 2.1 、 SO SW 
ft/sec) the interface between the oil and water developed 
smaller waves, and bubbles from the oil phase tended to 
flow in the water phase and the same phenomena occurred in 
the oil phase with water bubbles. The maximum total 
velocity in which the transition from wavy to stratified 
bubble flow occurred was at 2.85 ft/sec (Vso = 2.1 
ft/sec and Vsw = 0.75 ft/sec). 
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Fl ow Regime Map for Oil 
50 
(3) Stratified Bubble/Massive Bubble 
This last transition boundary occurs at the upper end of 
the range of flow velocities studied during the 
experi I『1entation. Starting at a minimum total superficial 
velocity of 3.24 ft/sec (V = 1.5 ft/sec and V = 
‘ so 
1.74 ft/sec) to a maximum velocity of 3.45 ft/sec (V = 
so 
1.35 ft/sec and V = 2.1 ft/sec or V = 2.1 ft/sec SW 
and V sw = 1. 35 ft/sec). The presence of increased 
turbulence in both phases at the increased flow velocities 
causes oil bubbles to form and flow in a continuous phase 
of water. 
Figure 25 depicts drawings prepared from photographs of the 
oil and water mixture used in the experimentation showing the 
variation in the flow regimes with the water superficial 
velocity held constant at 1.5 ft/sec, and the oil superficial 
velocity being varied from 0.23 ft/sec to 2.1 ft/sec. 
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C. Liquid-Liquid Flow Regime Map for -30 Degrees 
This angle of inclination is the largest inclination studied 
in the present experiments. 丁hree boundaries of transition separate 
four flow regimes formed by the ranges of flow velocities investigated. 
The flow pattern boundaries are listed in the order in which they 
appeared during the experiments. The flow regime map which details 
these boundaries is shown in Figure 26. The transition boundaries are: 
(1) Stratified Wavy with Churning/Stratified Wavy 
This transition boundary is the same as the similar 
boundary for -15 degrees. The only difference between 
these boundaries is the minimum and maximum superficial 
velocities at which each occurs. This transition boundary 
begins to occur when the velocity of oil approaches 0.38 
ft/sec with the water velocity ranging from 0.15 ft/sec to 
1.2 ft/sec. Beyond this maximum velocity, the boundary is 
formed at oil velocities less than 0.38 ft/sec. 
(2) Stratified Wavy/Stratified Bubble 
This boundary of transition occurred in the same manner as 
the similar transition boundary at -15 degrees. However, 
the total superficial velocities needed to achieve this 
transition are slightly smaller than the velocities needed 
at -15 degrees. The minimum total velocity needed is 
approximately 2.33 ft/sec (V = 1.13 ft/sec and V = SO SW 
1.2 ft/sec). The maximum velocities range from 2.48 
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FLOW REGIME MAP OF OIL AND WATER AT -JO DEGREES 
(VELOCITIES USED ARE SUPERFICIAL) 
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Figure 26 
Flow Regime Map for Oil and Water 
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ft/sec (Vso = 0.38 ft/sec and Vsw = 2.1 
ft/sec) to 2.78 ft/sec (V = 2.1 ft/sec and 
so 
Vsw = 0.68 ft/sec). 
(3) Stratified Bubble/Massive Bubble 
This transition was observed occur、ring during the part of 
the eχperiments where the largest flow velocities were 
used. This transition boundary occurs in the same manner 
as the similar boundary at -15 degrees. The total 
superficial velocities where this transition occurred is 
also approximately the same. The minimum total velocity 
needed for transition to begin is 3.24 ft/sec with a 
『naximum total velocity approaching 3.45 ft/sec. 
Figure 27 shows drawings made from photographs of the oil 
and water mixture used in the experiments, which shows the variation in 
the flow regimes with the water superficial velocity remaining constant 
at 1.8 ft/sec and the oil superficial velocity being varied from 0.8 
ft/sec to 1.8 ft/sec. 
FLOW PATTERNS 
-30 DEGREES 
。IL AND WATER 
STRATIFIED WAVY WITH 
Oil CHURNING 
OIL AND WATER 
STRATIFIED WAVY ··嗣』『…·
OIL BUBBLES IN WATER . 
WATER BUBBLES IN Oil －呻











Flow Regime Variation with Oil Velocity 
For a Fixed Water Velocity of 1.8 ft/sec 
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From an analysis of the flow regime maps just presented, there 
is ’ a noticeable difference between certain flow patterns in horizontal 
flow and flow patterns observed in inclined flow. For example, 
stratified smooth flow exists at certain superficial velocities of oil 
and water in horizontal flow, however, with inclined flow, stratified 
smooth fl ow did not occur over the entire range of oil and water super-
ficial velocities. This same observation can be made concerning the 
stratified wavy with churning flow pattern and inclined flow. Over a 
range of oil and water parameters in inclined flow, stratified wavy with 
churning did occur, yet, this pattern 、 did not exist under any fl ow 
conditions in horizontal flow. The rest of the flow patterns, 
stratified wavy, stratified bubble and massive bubble, however, do exist 
at all three inclinations at different superficial velocities of oil and 
water. This, then, suggests that· inclination angle will affect the 
formation of certain flow regimes. It was noted that there was no 
appreciable difference in flow regime patterns from -15 to -30 degrees, 
and the transition boundaries at both angles differed only slightly in 
the superficial velocities of oil and water. The big difference in flow 
regime formation is the change of the angle of inclination from 




GENERALIZED GAS-LIQUID FLOW REGIME MAP 
17 Taitel and Dukler developed a theoretical model for 
gas-liquid flow which predicts the relationship between certain parame-
ters at which flow regime transitions take place. These parameters are: 
gas and liquid mass fl ow rates, proper‘ ties of the fluids, pipe diameter‘, 
and angle of inclination from horizontal. The mechanisms for these 
transitions are based upon physical concepts which are completely 
predictive and, as such, no actual flow regime data was used in their 
development. 
The five flow regimes considered are stratified smooth, 
stratified wavy, intermittent (slug and plug), dispersed bubble and 
annular-annular dispersed liquid. When the theory is manipulated into 
dimensionless form the following five groups are created: 
x = 
I ( d阳）~I
T = [ I ＜叫.］＇(pl ’ ρG)g cosα 
y = 
(pl - p6)g sinα 
I (dP／叫｜
F = 
ρG US G 
I PL - PG ./ D g cosα 
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Since all velocities and pressure gradients used are calculat-
ed from superficial conditions, these five dimensionless groups can be 
determined with data gathered from the flow system during operation. 
The transitions of interest are controlled by the following dimension-
less groups: 
Stratified to annular X, F, Y 
Stratified to intermittent X, F, Y 
Intermittent to dispersed bubble X, T, Y 
Stratified smooth to stratified wavy X, K, Y 
Annular dispersed liquid to intermittent x' y 
and to dispersed bubble 
The theoretical transition boundaries for Y ＝。（horizontal
flow) are displayed on a generalized two-dimensional flow regime map in 
Figure 28. Maps that are similar except that they are for angles of 
inclinations other than horizontal can be constructed by using another 
value for Y calculated from certain equations that will be discussed 
later. Since this work is a parametric study of the effect of operating 
variables on regime boundaries with the coordinates being superficial 
velocities of gas and liquid, there is a relatively low sensitivity to 
pipe diameter in an air-water system at low pressure and small line 
sizes. However, some boundaries can shift due to larger line sizes, 
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gases at higher pressure and slight inclinations of the pipe. The 
genera 1 i zed map in Figure 28 does, however, take a 11 of these 
operational factors into account and can offer confidence in the 
prediction of flow regimes. 
16 According to Taitel and Dukler, Baker proposed the most 
durab 1 e of a 11 two-phase gas-1 i quid fl ow maps, and there have been 
I 18 19 20 
others (White and Huntington; Govier and Omer; Kosterin ) • In 
21 1970, Al-Sheikh et al. defined a variety of dimensionless groups and 
using the Dukler two-phase flow data bank evaluated the suitability of 
various pairs for the mapping of flow regimes. They reached the conclu-
sion that no two groups characterized all of the transitions and all the 
22 data. Later, Mandhane et al. created a flow regime map based on 
coordinates of superficial gas and liquid velocity using a larger data 
base. 
A lack of precision in describing visual observations causes 
part of the overa 11 prob 1 em with two-phase fl ow regime maps. There are 
numerous possible classifications suggested, for example, smooth 
stratified, wavy, semiannular, bubble, annular, froth, dispersed bubble, 
dispersed liquid, plug and slug flow, to name a few. Hubbard and 
23 Dukler who based their work on studies of the spectral distribution of 
wa 11 pressure fluctuations, suggested that each 口bservation represents 
the superposition of three basic patterns: segregat时， T ntermittent and 
dispersed flow. This concept, however, does not distinguish between 
stratified and annular flow, or dispersed liquid or dispersed gas flow 
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Generalized Flow Regime Map for Horizontal Two-Phase Flow 
Taitel and Dukler (1976) 
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In the following, developed by Taitel and Dukler, a 
mechanistic model was developed for unambiguous analytical prediction of 
the transition between the flow regimes. 
The following analysis considers the conditions for transition 
between five basic flow regimes: smooth stratified (SS), wavy 
stratified (S川， intermittent (I), (slug and plug), annular with dis-
persed liquid (AD) and dispersed bubble (DB). Slug, according to 
23 Hubbard and Du kl er and elongated bubble fl ow are a 11 considered 
different conditions of intermittent flow. Annular dispersed liquid 
flow is the condition in which there can be a small or large amount of 
liquid dispersed annularly or semiannularly, throughout the pipe. 
In their paper, Taitel and Dukler state that stratified flow 
starts the analysis of the transitions between flow regimes. Their 
approach is to envision a stratified liquid and then discover the 
mechanism that can cause the fl ow pattern to change and a 1 so what fl ow 
pattern it will change to. 
Since the existence of stratified flow is important to this 
particular study, the first step is the devel.opment of a generalized 
relationship for stratified flow. 
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Equilibrium Stratified Flow 
Taitel and Dukler first considered smooth, equilibrium 




Equilibrium Stratified Flow 
Taitel and Dukler (1976) 
A momentum balance on each phase yields Equation (1) and Equation (2). 
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Making the pressure drop in the two phases equal and setting Equation 
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The shear stresses are evaluated as 








nu 亨a= nu uw τ 
~pG(UG ” U;}2 
τ ；＝ T·τ－－－τ一一 (4) 
the friction factors of liquid and gas are evaluated from 
D U -n L L 
fl = CL （丁τ ） nU FU BE 户USI ( 5) 
where DL and DG are the hydraulic diameter evaluated with a method 







This then implies that the liquid resistance to the wall is similar to 
25 that of open channel flow and that of gas to conduit flow. Gazley, 
established that fi ~ fG for smooth stratified flow. A very small error 
will result when assuming smooth stratified flow because most tran-
sitions occur in stratified flow with a wavy interface. At the flow 
rates where the transition occurs, UG > Ui . Therefore, the gas side 
interfacial shear stress is evaluated with the same equation that is 
used with the gas shear at the wall. In their work, Taitel and Dukler 
used the f口llowing coefficients: CL = CG = 16, n = m = 1.0 for la『『1inar
flow and C = C = 0.046 n = m = 0.2 is associated with turbulent flow. L G ’ 
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It is helpful in this situation to transform the previous 
equations into a dimensionless form. The variables are D for length, 
s s 02 for area, UL and u6 are superficial velocities for liquid and gas, 
respectively. By using a tilde (‘) to indicate dimensionless quan-
ti ties, Equations (3), with (4) and (5) becomes: 
x2 - - n -2 5L (ULDL)- UL 气－
AL 
- - m -2 SG Si S; (7) (UGDGγUG （？＋「 ＋「） - 4Y = 0 
AG AL AG 
where 
4CL ut D -n PL( UC )2 
x2 = 
寸厂
"L 2 I (dP／出）：｜































= ( 9) 
The quantity [(dP/dx)5[ indicates the pressure drop if just one phase is 
flowing in the pipe. Therefore, X is the parameter that was developed 
.26 by Lockhart and Martinelh and can be calculated directly with the 
flow rates, property of the fluids and pipe diameter known. Y indicates 
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the relative forces acting upon the liquid in the direction of flow due 
to the effect of gravity and pressure drop and is zero when the pipe is 
at horizontal. Y also can be calculated with the knowledge of certain 
parameters. All dimensionless variables with the - will depend 口『1 only 
hl which is equal to hl/D. This can be seen from the fo 11 owing 
p.'L = 0.25 ［霄’ cos-1(2hl ·1) + (2hl-1) / 1 - (2hl-1)2 ] (10) 
AG= 0.25 [ cos-1(2hl·l) - （叫－ 1) ./ 1 -(2hl-1)2J ) 叮牛咱Ea·( 




cos - l ( 2hl -1) SG = 
s; = ./ 1 - 2 (2hl ’ 1) 
. 
UL = A/AL 
·. 
UG = A/AG 
Therefore, each X-Y pair wi 11 





correspond to a certain hl/D value for all 
fluid pr口perties, flow rate and pipe 
inclination where stratified flow occurs. Turbulent flow of both the 
gas and liquid is considered (n = m = 0.2, CG= CL = 0.046) when solving 
Equation (7) because it is of greatest practical application. These 
results are displayed in Figure 12 with solid lines. Turbulent-laminar 
flow of liquid and gas results with n = 0.2, m = 1.0, CL = 0.046, CG = 
16 are a 1 so shown in Figure 30 with dashed lines. Both results are 
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similar to each other. The decision on whether turbl』 1 ent or 1 ami nar 
flow will exist in each phase should be based upon the calculated 
Reynolds number which depends on actual velocity and hydraulic diameter 
of each phase, not on the superficial velocity and diameter. 
Transition Between Stratified (S) and Intermittent (I) or 
Annular-Dispersed Liquid (AD) Regimes - Line A 
23 Hubbard and Dukler thr口ugh extensive research involving 
gas-liquid flow, both experimental and analytical, have shown that, at 
first, stratified fl 口w will occur at the inlet part of the pipe when the 
conditions for intermittent flow exist. Increasing the liquid rate will 
start a 俨ise in the liquid level which causes the formation of a rapidly 
rising wave that will most likely block the flow. When the gas rate is 
lowered, this blockage forms a complete bridge, then slug or plug flow 
will resl』 lt. However, at higher gas rates, there is not enough liquid 
flowing to form or even maintain a bridge, therefore, the liquid wave is 
swept up and around the pipe to form an annul us and could be trapped if 
there is a high en口ugh gas rate. This process just described is the 
transition from stratified flow to either intermittent or annular flow. 
This transition will occur when conditions allow for rapid wave growth. 
Under stratified flow conditions, with gas flowing on top, 
when the gas rate is accelerated, the pressure in the upper phase of gas 
wi 11 decrease due to the Bernoulli effect, which then a 11 ows the 1 i quid 
wave to grow. However, gravity acting on the wave will tend to make it 
27 
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Figure 30 
Equi 1 i brit」m Liquid Level For Stratified Flow 
(Turbulent Liquid, Turbulent or La『『1inar Gas). 
Taitel and Dukler (1976) 
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criterion for wave stability of infinitesimal amplitude on a sheet of 
1 iquid flowing between two horizontal plates. The equation for 
propagation of these waves is described as: 
『np(U-c)2 coth mh + m且＇ (U'-c)2 coth mh' = g(p-p') + T『n2 (17) 
which for the gas-liquid case results in, 
即L (UL ’ c)2 coth mhl + mpG (UG - c)2 coth mhG 
= g （口 L - pG) + T『『12 (18) 
where m = 2τ／）. is the wave number, c the velocity of the wave, T the 
surface tension ， ρL and ρG the density of the liquid and gas phases, hl 
and hG is the height of each gas and liquid phase, respectively. 
Taitel and Dukler considered waves of a sufficient length that 
mhl < 1, mhG < 1, surface tension is negligible ，。L 》 PG' UG > UL.
Therefore, combining these assumptions into an analysis at the interface 
of the two phases in a stationary wave (with c = 0) the follow丁 ng





















Therefore, according to the theory, if this equation is satisfied, waves 
will grow. This analysis is used with finite waves between two parallel 
plates on a flat sheet of liquid. Next finite waves on stratified 
liquid in an inclined pipe were analyzed using a finite solitary wave on 










Instability for a Solitary Wave 
Taitel and Dukler (1976) 
Taitel et al. examined the specific case of a motionless 
finite wave, where the condition for wave growth is: 
nud 
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Ln ( >- ny E nr ( 20) 








which is a variation of Bernoulli ’ s equation for pressure change in a 









then the equation becomes 
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Simplifying the equation 









































If Equation (22) is satisfied, the flow pattern is not 
stratified. 
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Tai tel et al. states that for an infinitesimal disturbance, 
h6/hG + 1.0 and c1 + 1.0 which will reduce Eq川ion (22) to Equation 
( 19). This analysis can be extended to pipe geometry and will use the 
stability equation with a var寸 ation in the dimensionless term to yield 
nud ) nu nur ’’』nv ( ) 户U』H. 产U-hH ( >) ，其UHU . 句，‘『FUHU ( <b<UF‘公‘
when the pipe is inclined from horizontal 
α CM O 俨LMnu 
) 
内U
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l:I I p G A~ - AG c.) (24) 
AG can be expanded in a Taylor series around A6 when involving small, 
finite disturbances. 































HU ( 25) 
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where c2 s A(; /AG 
With an infinitesimal disturbance where A .. A then C s 1.0. When G' G 2 
the equilibrium liquid level app俨oaches the pipe top, and AG is sma 11 , 
waves which then appear will make c2 筐。. However, if there is a 1 口W
liquid level, the appearance of a small, finite wave will have little or 
no effect on the size of the air gap and thus c2 s 1. O. Taite 1 and 
Dukler, using these facts, concluded that c2 can be defined as: 
h. 
c2 = I - If (26) 
In summa巾， Taitel et al. used Equation (25) and Equation (26) 
to define the conditions for flow regime transition from stratified (S) 
to intermittent (I) and t口 annular dispersed liquid (AD) flow in pipes. 








































































































where F is a Froude number modified by the density ratio: 
F = J可可言 ./Dτcosτ (28) 
Transition Between Intermittent (I) and 
Annular Dispersed Liquid (AD) Reqimes - Line B 
74 
As shown previously, Equation (27) presents the specific 
er寸 teria upon which finite waves that are generated on stratified liquid 
can be expected to gr口w. Two different events could take place when 
such criteria are satisfied and wave growth occurs. When the supply of 
liquid is large en口ugh, a stable slug can be formed. However, if the 
liquid level is inadequate, the wave on the liquid will, instead, be 
swept up around the interior of the pipe, and annular 。r annular mist 
flow occurs. From this, Taitel and Dukler suggested that the liquid 
level in the stratified equilibrium flow will dictate whether intermit-
tent or annular flow will eventually develop within the pipe. They also 
cone 1 ude that if the equilibrium 1eve1 is above the center line 口f the 
pipe, intermittent flow will develop, and if hl/D < 0.5, annular or 
annular dispersed 1 i quid fl ow wi 11 occur. The authors defend their 
choice of hl/D = 0.5 as follows: when a wave of finite height or 
amplitude begins to grow because of suction occurr寸 ng over the crest of 
the wave, liquid must then be supplied to the wave from the liquid film 
next to it, and therefore, a trough or depression forms there. If the 
wave is perceived as a sinusoid, then when the level is above the center 
1 i ne of the pipe, the peak wi 11 reach the top of the pipe before its 
trough reaches the bottom, and from there, gas passage b 1 ockage occurs 
and slugging is the end result. However, when the liquid level is below 
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the center line, the reverse is true and slugging would then be 
impossible. 
Since this flow regime transition takes place at a constant 
value of hl/D = 0.5, Figure 30, shows that a single Martinelli value, X, 
characterizes the change in the flow regime for any value of the 
inclination parameter Y. When the flow occurs in a horizontal tube, 
according to Tai tel et al., X = 1.6, and is plotted in Figure 10 as line 
B. The location of the boundary now will define two distinct flow 
regimes as movement across line A occurs; from stratified to intermit-
tent (S/I) flow for X values greater than 1.6 and stratified to annular 
dispersed liquid (S/AD) flow for X values less than 1.6. 
Finally, for the transition between stratified and intermit-
tent flow, the previous analysis suggests a sharp, distinct change, 
unlike the transition between intermittent and annular dispe内ed liquid 
(I/AD) which is gradual since it is impossible to distinguish between 
slug fl ow, and annular fl ow with large, ro 11 i ng waves. 
Transition between Stratified Smooth (SS) and 
Stratified Wavy (SW) Regimes - Line C 
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Taitel and Dukler, in their paper state that the region known 
as stratified is composed of two subregions: stratified smooth (SS) and 
stratified wavy (SW). The waves are generated by gas flow where the 
velocity of the gas is sufficiently high to form waves but not high 
enough to cause rapid wave growth which will lead to a transition to 
intermittent or annular fl ow regimes. 
~Jave generation is considered an extremely complicated phenom-
ena and is best understood as the result of viscous dissipation in the 
wave being overcome by pressure and shear work on the wave. 
28 Jeffreys stated the following criteria for the generation of 
~mves: 
2 4VL g(pl- pG) (U,.- c) c ＞一气二 (29) 
u w~G 
wher吨E s is the sheltering coefficient which, according to Jeffreys 
29 
should approximate 0.03. However, Benjamin stated that s should have 
a value ranging from 0.01 to 0.03 based on extensive experimentation and 
theory. Taite 1 et a 1. assumed that S ~ O. 01. 
The variable c indicates the velocity of the wave propagation. 
UG > c in conditions where a transition will probably take place. 
Theories addressing wave propagation have advanced the concept that the 
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ratio of the wave ve 1 oci ty to the mean of the film ve 1 oci ty ( C/UL) wi 11 
decrease as the Reynolds number of the liquid associated with the 
particular flow conditions increases. Tai tel et al. cited data from 
30 31 32 Fulford, Brock and Chu to confirm this concept. At turbulent flow 
conditions, where a high Rey『10lds number is certain, the ratio just 
discussed approaches 1.0 to 1.5. Because knowing the precise transition 
boundary is not that important, for simplicity, the relation UL = c is 
now introduced. 
When these approximations are used in conjunction with 
Equation (29), the criterion for the transition from stratified smooth 
to stratified wavy becomes: 
UG ~ [ 4VL （~~Fα ］ o. 5 (30) 




where K approximates the product of the Froude number (modified) and the 
square root of the Reynolds number deterr『1ined by superficial paramete俨s:
2 e~ = [ ＼~ (32) 
Transition Between Intermittent (I) and 
Dispersed Bubble (DB) Reqimes - Line D 
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Taitel et al. states that values of X (Martinelli parameter) 
which lie in the intermittent flow regime area, will most likely 
"bridge" the pipe thus forming a slug and an associated gas bubble. If 
the liquid flow rate is hi 日h and the gas rate is somewhat lower, the 
equi 1 i bri um l eve 1 is above the pipe center 1 i ne and approaches the pipe 
top. Since the liquid phase has a high flow rate the slower gas phase 
tends to mix somewhat with the 1 i quid. This indicates that the trans i-
tion from intermittent flow to dispersed bubble fl 口w can occur when the 
fluctuations in turbulent flow are large enough to overcome the force of 
gas buoyancy which tries to keep the gas above the 1 iquid at the top of 
the pipe. 
The buoyancy force per unit length of the gas region is 
defined as: 
FB = g cosα （ pl - pG) AG (33) 
33 In using a method discussed by Levich the force associated 
with turbulence is designated by: 
FT ＝吉 PL yrτS; (34) 
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where v' equa 1 s the radi a 1 velocity fluctuation whose root-mean-square 
approximates the friction velocity. Therefore: 
- 2 古＝ U* = U L ［主） t ( 35) 
Dispersion of gas, according to Taitel et al. will take place 
when F 孟 F or if: T B 山飞
(36) 
Conver‘sion to dimensionless form, Equation (36) becomes 
〉」回
内，，．
于』 8 AG I 
s; UE (UL i\) -n / ( 37) 
where 
一4百C一L s2 l 0. 5 pl UL 
T 
VL 2一
。L - PG g cosα 
= 
[ I （叫I ) o. s 
（ ρL - pG) g cosα (38) 
T can approximate the ratio of turbulent to gravity forces which act 
directly in the gas. 
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SUMMARY OF RESULTS 
The Generalized Flow Regime Map 
Taitel and Dukler summarize the results from their work in the 
fo 11 owing manner: 
Line A represents the boundary where a transition from 
stratified (S) to intermittent (!) or annular-dispersed liquid (AD) 
occu俨s, with the parameters for the boundary being F vs X. The gener-
al i zed map in Figure 10, shows an area where F - X va 1 ues satisfy 
Equation (27). This 陀sul t depends upon the premise that waves of a 
finite size will gr口w and either block or sweep around the pipe when the 
force due to the Bernoul 1 i effect above the wave overcomes the force of 
gravity acting on the wave. Therefore, all X values to the left of Line 
A indicate conditions where stratified flow will occur. 
Line B indicates the transition between anm』 lar-dispersed
liquid (AD) and intermittent (I) or dispersed bubble (DB) flow. This 
boundary occurs at a constant va 1 ue of X. This occurs if the 1 i quid 
supply in a growing wave is 1 arge enough to form a s 1 ug which happens 
only when hl/D 孟 0.5. Any time hl/D < 0.5, the liquid will be swept 
around the pipe into an annular flow pattern. 
Representing the transition between stratified smooth (SS) and 
stratified wavy (SW) flow, line C is a function of the K - X parameters 
and indicates which K - X values that satisfy Equation (31). This 
boundary is based upon Jeffreys' model and its assumption that the 
condition for the transfer of energy to the 11 quid in order to generate 
waves with the wave velocity is approximated by the mean velocity of the 
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liquid film and the sheltering coefficient estimated by Benjamin. If 
the K value is lower than line C in the K - X plane, there is insuffi-
cient gas flow to create wave formati 口n.
Line D locates the Intermittent to dispersed bubble flow 
transition boundary. This boundary indicates the conditions where 
turbulent forces within the liquid approximate the buoyant forces which 
cause the gas to rise to the pipe top. This 1 i ne indicates which T - X 
pairs satisfy Equation (14). Any T value below the line will represent 
conditions wher『E the turbulence is not strong enough to cause gas 
mixing, and elongated gas bubbles which indicate intermittent flow will 
form. 
COMPARISON OF EXPERIMENTAL DATA TO MODIFIED GAS-LIQUID FLOW REGIME MAP 
Since Taitel and Dukler have generated a gas-liquid flow 
regime map based on generalized dimensi 口nless variables, a modification 
of the variables to fit given liquid-liquid flow parameters is feasible. 
The fl ow pattern defi ni ti ons wi 11 remain the same from gas-1 i quid fl ow 
when referring to the regime definitions in liquid-liquid flow. 
Stratified smooth and stratified wavy flow will be segregated oil and 
water with either a smooth or wavy interface. Intermittent flow will be 
slug or plug fl 口w with oil being the slug in water and dispersed bubble 
flow will consist of oil bubbles in water. Finally, annular-dispersed 
liquid wil 1 indicate oil flowing through water which is dispersed as an 
annulus around the inside of the pipe. 
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In Appendix I, an outlined procedure for the modi fi ca ti on of 
the generalized dimensionless var寸 ables used by Taitel et al. is pre-
sented. Als口， a computer program, F问AP, which generates the appropriate 
variables for the present flow system and an example output is 
presented. 
Within Appendix II, two computer programs a re 1 i sted that 
calculate the Martinelli parameter X for hor寸 zontal and inclined flow, 
res pee ti ve ly. Included with the two programs are examp 1 e output 1 i st-
in gs. The Martine 11 i parameter a 1 ong with data from the program FMAP 
will be used with another computer program, DUKMAP, which is presented 
in Appendix III to generate the di 盯1ensionless variables that will be 
used to create a flow regime map for specific liquid-liquid flow parame-
ters. From this output generated, plots are developed which show how 
the experimental data compares with the theoretical flow regime transi-
tion boundaries. 
Plots were generated for oil ” water fl ow at hori zonta 1 ( 0 
degrees) and downhill flow (-15 degrees and -30 degrees). The angle of 
inclination and the oil flow rate will affect the Martinelli parameter, 
therefore, the oil flow rates used in the plots will include 100, 300, 
500 and 700 B/D, respectively. 
For hori zonta 1 fl ow, the genera 1 i zed fl ow regime map was 
p 1 otted to include a 11 the transition boundaries, Figure 32, did 
resemble the map generated by Tai tel et al., Figure 28. Therefore, it 
seems possible the some similarity between the gas-liquid flow regime 
map and the liquid-liquid fl 口w regime map just generated does exist. 
日3
GENERALIZED fl OW REGIK MAP 






Generalized Flow Regime Map 
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However, when comparing the flow data generated by the program 
FMAP with the flow regime map developed by program DUKMAP for line A, 
Figure 33, there seems to be no agreement since stratified wavy flow and 
massive bubble flow fall into the same area of the flow regime map, 
annular-dispersed liquid. When Line B was plotted and compared with the 
appropriate data, Figure 34, again, no logical correlation was noticed. 
Yet, when the Line C was generated and the experimental data was plotted 
there was agreement. Figure 35 shows how the stratified smooth point 
that was observed in the experimentation did fall into the area of the 
plot designated for stratified smooth flow. The next closest point 
which fell right on Line C could p口ssibly be considered stratified 
sm口口th since the ripples in that flow regime were extremely small and 
very hard to detect. All other points tended to fall into the 
stratified wavy area of the map, which seems logical since there were 
only two regimes possible in the plot, stratified smooth and stratified 
wavy. Figure 36 again showed no possible agreement with the Line D 
plot. All the points fell within the intermittent flow area which would 
indicate some type of slug or plug flow which is not indicated by any of 
the flow regime observations in the data points. The only transition 
boundary that came even close to being sensible was the Line C corre-
lation. Even that correlation was n口t sufficient to prove that the flow 
map generated by modification of the gas-1 iquid dimensionless variables 
is completely feasible since all other possible comparisons were not 
reasonable. 
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Next, downhill flow was taken in account when generating the 
next set of plots dealing with the comparison of calculated transition 
boundaries and experimental data. 
The genera 1 i zed map in Figure 37 for an oi 1 fl ow rate of 100 
B/D and an angle of inclination of -15 degrees, shows distorted boundary 
lines when compared to the generalized map at horizontal flow. The 
Martinelli parameter X is dependent on the oil flow rate and angle of 
inclination of fl ow from horizontal so this would account for the fact 
that there wi 11 be some changes in the shape of the fl ow regime 
transition boundaries. Since any change in the oil rate and pipe angle 
will affect the boundaries, a separate map for every different oil flow 
rate that is used at a certain angle will need be generated. The flow 
regime map generated for Line A, Figure 38, has all of the related data 
points in the stratified region. However, when this plot is compared to 
the plot at Line B, Figure 39, the data tends to be confusing. The same 
data points are used for Line B but the results are not reasonable. The 
data fa 11 s in neither the intermittent nor the annular-dispersed liquid 
region but is within the stratified section of the plot. Also the data 
in the B line plot falls neither唱 in the i 『itermi ttent nor the 
annular-dispersed flow regime. For the plot of Line C, Figure 40, all 
of the data p口 i nts pl 口t in the stratified wavy region. However, there 
are no stratified smooth flow regime data points available to check and 
see if this flow boundary is correct. Finally the Line D plot, Figure 
41, details the transitional boundary line between intermittent and 
dispersed bubble fl 口w. In this plot, all the data is positioned below 
Line D, within the region of intermittent flow. Since none of the flow 
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Generalized Flow Regime Map 
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Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukler) 
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Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukler) 
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data is intermittent fl ow of any kind (neither s 1 ug nor plug) and 
stratified wavy can be described as being close to dispersed bubble, the 
conclusion is that this, along with the previous comparisons, has 
indicated that the transition boundaries generated in this specific case 
are not valid for the data points in liquid-liquid flow. 
Three additional sets of plots were made at -15 degrees. Oil 
fl ow rates of 300, 500 and 700 B/D were used. The genera 1 i zed fl ow 
regime plot of 700 B/D of oil, Figure 42, shows some distortion of the 
flow boundary lines when compared to the horizontal, generalized flow 
map, Figure 32. This overall distortion, due to the sensitivity of the 
Martinelli Parameter to the oil flow rate and angle of inclination seems 
to be somewhat less than the flow map at an oil rate of 100 B/D. The 
transition lines shift less to the y寸 ght from the original placement in 
the generalized map at horizontal flow as the oil rate increases. 
Therefore at 100 B/D of oil the transition boundaries are shifted as far 
to the right as possible under the present conditions. The plots of 
Lines A, B, C and D were similar to the plots at 100 B/D of oil except 
that in the p 1 ots of Line A and Line B, Figures 43 and 44 respectively, 
the data points were shifted above the stratified wavy/annular-dispersed 
1 iqui d boundary and into the annular dispersed liquid region. For the 
Line C plot, Figure 45, the data points were shifted higher into the 
stratified wavy region ~ihile in the Line D plot, Figure 46, the data 
shifted to the right a 1 ong with the transition line and therefore the 
points remained approximately the same distance away from the boundary 
line as the previous Line D plot, Figure 41. This means that as you 
increase the fl ow rate the boundary 1 i nes tend to approach the positions 
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Figure 43 
Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukle 「）
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they were in at horizontal flow, where the Martinelli parameter X, was 
not affected by oil fl ow rate or the angle of inclination because Y is 
zero at that horizontal flow. The other sets of plots involving oil 
fl口w rates of 300 and 500 B/D are included in Appendix III. 
The following sets of flow regime boundary plots were devel-
oped for -30 degrees (down hill flow) and at oil flow rates of 100, 300, 
500 and 700 B/!], respectively. The generalized map at 100 B/D of oil, 
Figure 47, was compared to the generalized flow ·maps at -15 degrees and 
100 B/D of oil and 0 degrees. The boundary 1 ines at this angle and oil 
flow rate did not shift as far to the right as the boundary 1 ines for 
plot at -15 degrees. With the data obtained it shows a possible trend 
that at some angle between -30 and 0 degrees the maximum shift in the 
regime boundaries is achieved, and then they will shift back to the left 
toward the positions occupied by the boundary line at horizontal flow. 
However, there is not enough data at other angles of inclinations above 
or be 1 ow these a『1gles to confirm this idea. When the Line A plot for 
100 B/D of oil, Figure 48, was compared with the same plot at -15 
degrees, the data points were essentially in the same l oca ti on for both 
plots. This also was the case for the Line B plot, Figure 49, in which 
the position of the data did not change appreciably. According to the 
Line C plot, Figure 50, the data points are shifted a little farther 
away from the boundary line than in the Line C plot at -15 degrees. In 
Figure 51, the Line D plot for -30 deg「ees at 100 B/D of oil, the data 
points tend to be just a little closer to the flow boundary than the -15 
degree plot. 
GENER1'LIZED FLOW REGIME WJ' 
1'NGLE or INCLIN1'TION - -30 DEGREES 





































, o-1 100 ’(> 1 , o2 
x 
Figure 47 













COIAPARISON Of rLOW O,t.TA TO GENERf\LIZED flOW REGIIAE 
IAAP (TAITEL & OUKLER) OIL HOW Rf\TE 帽’ oo a/o 
f\NGL E 。F INCLINATI。忖• -30 DEGREES 
TRANSITION BET\\£EN STRATIFIED (SJ AND INTERMITTENT 
(I) OR ANNUL州－DISPERSED LI QUID 队的 REGI旺S
o. 
·富TOATlflCD WAVY 悦le”... ”2”· 








1 0-1 100 101 1 02 , o3 
x 
Figure 48 
Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukler) 
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The generalized flow regime map, in Figure 52, at -30 degrees 
with an oil flow rate of 700 B/D seems to resemble the flow map at -15 
degrees with the identical flow rate. This trend continued through the 
next set of transition pl 口ts. The plots of Lines A, B, C and D, Figure 
53, 54, 55 and 56, respectively, all continued t口 exhibit the same 
trends when compared to the plots of the same transition boundary lines 
at -15 degrees and the same fl ow rate. The other sets of plots 
involving flow rates of 300 and 500 B/D are included in Appendix III. 
From the information just presented the rest』 lts are twofold. 
First, from all the data used, it is important to note that even though 
the dimensionless flow regime variables developed by Taitel and Dukler 
were modified from gas ” liquid parameters to liquid-liquid parameters, 
the end results in the plots indicate that something more must be done 
with the initial assumptions used in these dimensionless variables or 
that it is not possible to use the Taitel and Dukler variables with 
1 i qui d-1 i quid fl ow in their present forms. Secondly, within the p 1 ots 
that were developed using the modified dimensionless variables, the 
dependence upon the flow rate of oil has a more significant effect on 
the location of the transition boundaries and data points than the angle 
of inclination of the pipe. However, it is not known if the further 
modification of the di 『nensionless variables assumptions will change this 
cause and effect relationship. 
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Figure 55 
Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukler) 
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Comparison of Flow Data to Generalized Flow Regime Map (Taitel & Dukler) 
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HOLDUP 
Nonnally, in two-phase in downhill liquid-liquid flow, the 
more dense phase wil 1 move faster than the 1 ess dense phase. Oi 1 is 
considered the lighter phase and water 才 s considered the heavier phase 
in the present exper丁mentation. Because of this phenomena called 
ho 1 dup, the in situ vo 1 ume fraction of the more dense phase wi 11 be 1 ess 
than the input vo 1 ume fraction of the more dense phase. This 
relationship is defined by the parameter called holdup as follows: 
) 
w 
un ( nv HU du - nu Hn = Volume of denser phase in a pipe segment 
Volume of the pipe segment 
REASONS FOR MEASURING HOLDUP 
It appears, at first glance, that holdup could be calculated 
simply by knowing flow rates, pressure, temperature and fluid prop-
erties. This simplistic method will work only when there is no slip 
velocity between the two phases. Slip velocity is defined as the 
difference in average velocities of the two phases. In this study, slip 
velocity wi 11 indicate the difference between the ratios of the 
superficial velocity and holdup of the oil and water phase, 
\ 
respectively. This condition of "no s 丁 t p" does not exist to a great 
extent under actual flowing conditions but it can be appr。在ched in 
certain cases. The p俨oof that ”no s l i p“ between the phases can exist 
between oil and water in horizontal flow, is shown in Figure 57. Values 
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for water holdup (assuming no slip velocity between the phases exists) 










= ) nv t - cd o n ( 
“咱.. 
un 
where Qw and Q0 are the volumetric flow rates of the water and oil, 
respectively, considered at the same conditions at which the experi-
『nental water holdup data is gathered. This holdup (no s丁 ip) valve is 
the same as the input fraction of the water phase （λw). The "no slip” 
holdup valves and the experimental holdup data are compared in Figure 
57. 
In horizontal flow, almost all the data approximates the "no 
slip" holdup. This is the case in situations where the oil flow rate is 
less than the water rate. However, when the water and oil flow rates 
are fairly close in magnitude or when the constant water flow rate is 
less than the oil rate, the velocity of the 口 i 1 tends to be greater, 
thus, it slips by the water phase and causes an increase in the water 
holdup. This would seem to hold true for upward inclined flow in both 
liquid-liquid and gas-liquid flow and be the reverse in downward 
liquid-liquid and gas-liquid flow. 
Since actual values of holdup cannot be calculated directly, 
the parameter must be measured experimentally. Holdup data is necessary 
for the calculation of the real average linear velocities of each liquid 
phase. These velocities allow for the calculation of kinetic energy, 
Reynolds numbers and often significant parameters which involve mass 
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transport. Knowing the water holdup also allows for the prediction of 
the two-phase flowing mixture density. The density of a flowing 
oil-water mixture is defined by 
p = p H + p (1 - H ) 
w w 0 
Yet, a knowledge of water holdup does not indicate what the 
real fluid distribution is in the pipe. The same value of holdup can 
come from two totally different flow regime geometries. The real value 
of knowing holdup quantitatively is being able to observe the effect of 
ho 1 dup on pressure drops in the areas where two-phase fl ow occurs. 
It seems that the logical conclusion to these facts is that a 
correlation between holdup and liquid-liquid flow rates, angle of 
inclination, fluid properties and fl()W patterns would be very beneficial 
for the calculation of real average velocities of the oil and water 
phases for design usage. 
Oa ta for water ho 1 dup was obtained expe俨imentally by the use 
of ”quick-closing” ball values as discussed in the previous chapter. 
Holdup data compared with other selected parameters that were 
discussed previously including pipe inclination will be analyzed to see 
if any corre 1 ati on between ho 1 dup and those parameters does, in fact, 
exist. 
14 Mukherjee, Br寸 11 and Beggs developed a liquid-liquid 
holdup correlation involving several parameters including pipe 
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Comparison of Measured Flowing Water Holdup 




the i ni ti a 1 comparison of ho 1 dup with the other parameters discussed 
previously is completed, a comparison of actual holdup data with the 
吟loped …1巾n wil 1 be shown to 巾。附 if the …1山n is 
va 1 id over the range of parameters and conditions used in the present 
experimentation. 
ANALYSIS OF HOLDUP DATA 
The change in water holdup with the angle of inclination is 
depicted in Figure 58. Several observations can be made from Figure 58. 
Since water is the more dense phase and therefore heavier, the 
force of gravity should come into effect and cause the water to "sli p” 
past the oil in downward flow which would rest』 lts in H ＜ λ. Figure 58 w w 
definitely proves the last statement when referring to the change from 0 
degrees to -15 degrees. However, one would assume as the angle of 
inclination gets steeper (i.e. changes from -15 to -30 degrees) the 
holdup would decrease further. This does not occur in this situation 
when dealing with the angle change from -15 t口－ 30 degrees. The ho 1 dup 
measured in two cases (>- = 0.2 and 0.4) is approximately the same and 、 W ’
in the other two cases （ λ ＝ 0.6 and 0.8), a somewhat la「ger holdup 
• w ’ 
value is observed. This anomalous behavior could be caused by forces 
口ther than the buoyancy and gravity effects on the oil and water phases, 
respectively. 
Another measure of the holdup phenomenon, at the holdup ratio, 
is used quite frequently in correlation work with b10-phase flow. This 
relationship is presented as 
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The holdup ratio will provide a clear means to understand the degree of 
slip taking place between the two flowing phases, when 
1 2 un nk no slip is occurring between phases 
or, if 
『t企
、，，Hn n民 the less dense phase is moving faster 
than the denser phase 
and finally, if 
咱
E品，、Hn nk the denser phase is moving faster 
than the less dense phase 
Figure 59 shows the holdup rati 口， RH compared to superficial 
oil velocity, V for various constant superficial water velocities with 
so 
the corresponding flow regimes regions for the data points at 0 degrees. 
Considering a constant low water velocity, 0.15 ft/sec, as the oil 
velocity is increased the holdup ratio tends to increase from 1.0. This 
indicates that the lighter phase, oil, is moving faster than the more 
dense phase, water. Notice that when the water velocity is held 
constant at a higher velocity, such as 2.1 ft/sec, the holdup ratio is 
less than 1.0, which implies that the heavier phase is traveling faster 
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than the 1 i ghter phase. This is true until the oi 1 velocity reaches a 
point where the flow regime changes from stratified bubble to massive 
bubble - then the holdup ratio approaches 1.0. This situation could be 
caused by the fact that 『nassive bubble flow is a continuous phase of 
water with oil drops and could resemble single phase flow. The higher 
constant water velocity causes the low holdup ratio because at low oil 
velocities, the water, even though the oil phase is lighter, will flow 
faster, thus, causing s 1 i pp age past the oil. 
When the angle of inclination is changed t口， 15 degrees 
(down hi 11 fl o叫， Figure 60, and all other conditions remain the same, 
the holdup ratios will, in almost all cases, be less than 1.0, which 
indicate that the heavier phase, water is slipping past the oil. The 
reason for this particular cause and effect is the importance of the 
gravity effect on the two phases. When c口ns i deri ng downh i 11 fl ow, 
gravity causes the heavier phase to travel faster. Only when the flow 
regime app俨oaches massive bubble does the holdup ratio approach 1.0. 
The possible explanation for this action was explained previously for 
horizontal fl ow. 
In Figure 61, at an inclination angle equal to -30 degrees, 
approximately the same results occur as with -15 degrees. In almost all 
cases, the ho 1 dup ratio indicated that the more dense phase was moving 
faster than the less dense phase. Again, when the flow regime changed 
to massive bubble the holdup ratio implied that there is no slippage 
between the phases or that they are flowing at approximately the same 
velocity. 
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HOLDUP RATIO VS FLOW RATE 
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Holdup Ratio Compared to Flow Rate 
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Therefore, from the previous work, gravity seems to play an 
important part in the effect of incl 才 nation on the phase slippage in two 
phase flow. This phase slippage depends upon the possible flow regimes 
generated unde沪 the flowing con di ti ons. When the fl ow regime is 
stratified, the date indicates that there is a greater slippage past the 
oil phase by the water phase. As the flow regime data trends toward 
massive bubble flow, the holdup ratio approaches 1.0 which shows that 
phase s 1 i ppage is 1 ess severe. 
Figure 62 shows a comparison of measured water holdup and 
water input fraction at horizontal. In the case of a constant water 
flow rate of 100 B/D, the water holdup is somewhat larger than the water 
input fraction which indicates that oil is slipping past the water. The 
slip velocity calculated for a water input fraction of .70 is 
approximately -0.23 ft/sec, which from the definition stated previously 
supports the premise that the oil is s 1 i ppi ng past the water. When the 
water flow rate is increased to 400 B/D, the water holdups are 
approximately the same as the corresponding water input fractions. The 
slip velocity for this example (>, = .70) approximates 0 ft/sec. This 、 W ’
indicate that the relative velocities are approximately the same, which 
implies that there is little or no slippage between the phases. 
However, when the water flow rates was increased to 700 B/D the input 
fraction of water was larger, in most cases, than the related measured 
holdup. The slip velocity calculated for this case (i.w = .70) equals 
0.47 ft/sec. This seems to indicate that the water was slipping past 
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Comparison of Measured Flowing Water Holdup with Water Input Fraction 
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Next, the angle of inclination was changed to -15 degrees, the 
resulting plot of measured holdup vs. water input fraction is depicted 
in Figure 63. When the water flow rate was set at a constant value of 
100 B/[], the resulting holdups were much less than the corresponding 
water input fractions. For this example, at a water input fraction of 
.67, the slip velocity calculated is 1.17 ft/sec. This shows that the 
water velocities are much greater than the oil velocities, therefore, 
slippage between the phases occurs. When the water flow rate was raised 
to a level of 400 B/D, the resulting trend line from the data indicates 
that the water phase is moving faster than the oil phase, but, the 
average velocity difference, slip velocity, which approximates 1.1 
ft/sec in this case, is not as great as the slip velocity for the 
previous constant water flow rate. Finally, the flow rate of water was 
increased to 700 B/D, and the resulting data points shows that the slip 
velocity approximates .19 ft/sec at an input water fraction of .67 is 
the smallest for any of the cases. This means that the water phase is 
moving just a 1 ittle faster than the oil phase which causes the measured 
holdup to be slightly less than the water input fraction. 
For the comparison of measured water holdup with water input 
fraction, the angle of inclination was set at 嗣30 degrees, with the 
results shown in Figure 64. Again, as detailed in the previous 
discussion with 皿 15 degrees, the trend lines of the data points indicate 
slippage between the oil and water phases. When the flow rate of water 
was set at a constant rate of 50 B/D, the resl』 lts exhibit a large slip 
velocity with the water moving much faster than the oil. This is borne 
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velocity. Finally, at a water rate of 600 B/D, the resulting holdups 
approach the associated input water fractions, which denotes that a 
very small slip velocity of .14 ft/sec is present. 
the input water fractions and that the slip velocity for this case at an 
input water fraction of .50 approximates 1.2 ft/sec. At a constant 
water rate of 250 B/D, the results imply that there is still a slip 
velocity between the phases, which approximates • 7 ft/sec at the same 
input water fraction, but is somewhat smaller than the previous slip 
The observations just presented lead to the following con-
clusions: first, in horizontal flow, at smaller flow rates the oil 
phase ” sl ips11 past the water phase due to the fact that oil has a 
viscosity which is somewhat less than the viscosity for water; 
therefore, the oil has less of a drag, which will cause it to travel 
faster. Also, as the flow rate of water is increased, the measured 
holdups approach the input water fractions. When the angle of 
inclination is changed to downhill flow (-15 and -30 degrees), the trend 
reverses and the water phase 11slips11 past the oil phase. This is due, 
in part, to the gravity effect. It would, at first, seem logical that 
the data wi 11 indicate that as you increase the constant water fl ow 
rate, the flowing water holdup would decrease, since the higher rate 
would tend to increase the water ve 1 oci ty, thus, causing more s 1 i pp age 
of water past the oil phase. However, as the previous data has shown, 
this is not the case, in fact, the exact opposite seems to be true. As 
the water flow rate is increased the holdup approaches the corresponding 
water input fraction. One possible explanation for this phenomena is 
based on the corre 1 ati on of fl ow regimes with ho 1 dup. At the 1 ow fl ow 
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rates of 50 B/D and 100 B/D, the flow regime consists of stratified wavy 
flow, which was defined previously as distinct phase separation with a 
rippled or wavy interface. This type of pattern would allow the water 
phase to move freely past the oil phase at one point, the interface. 
Moreover: if the rates of water flow were increased to 400, 600 or 700 
B/D, the flow patterns could change from stratified wavy to stratified 
bubble and then to massive bubble flow. This would create a situation 
where the water would fl ow as a continuous phase and therefore, more 
water would be in contact with the wall, thus causing a viscous drag 
which leads to a decrease in velocity and an increase in holdup. In 
fact, when massive bubble flow occurs at the higher flow rates, it could 
almost seem to display character寸 stics similar to single phase flow. 
14 Mukherjee et al . developed an empi ri ca 1 water holdup 
correlation for downhill flow using experimental data. A stepwise 
regression analysis procedure was applied to their generated data with 
the resulting holdup correlation: 
Hw (downhill flow) = 8.3763 
吁
J








A computer program, MBBCORR, is displayed in Appendix V along with the 
generated output. This program incorporates the holdup correlation with 
the experimental input parameters. The calculated holdup by this method 
was compared with the experimental holdup data at -15 and -30 degrees, 
respectively. The resulting plots are shown in Figure 65 and Figure 66. 
The total velocity of the oil and water varied from 1.95 to 2.45 ft/sec 
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in accordance with the guideline set by the authors, also horizontal 
flow data was not used since the sine function in the correlation would 
cause a11 holdup values to equal zero. Since the angles of interest 
used by Mukherjee et al. were -30 to -90 degrees, the correlation does 
not take into account inclination angles smaller than -30 degrees, where 
the authors stated that important slippage occurs, and that the 
correlation probably would lead to erroneous calculated water holdups. 
The purpose of this comparison of the Mukherjee et a 1. correlation to 
experimental holdups is to see if the correlation is close enough to 
give close, reasonable answers for the specific input parameters. The 
two plots comparing the calculated holdup with the experimental holdup 
indicated that there was not much agreement between the calculated and 
experimental holdup. In both cases, the calculated holdup was greater 
than the measured holdup. What seemed surprising was there seemed to be 
less agreement in the plot at -30 degrees than with the plot at -15 
degrees, even though the correlation had included data obtained at -30 
degrees. It would seem that a separate correlation should be developed 
at angles of inclinations smaller than -30 degrees since it has been 
observed that the most important s 1 i ppage occurs at those important 
angles of inclination. 
It was noted, however, that at low experimental holdup values, 
there was some agreement with the calculated holdup values. One 
possible reason for this is the fact that flow regimes in the 
experiments performed by Mukherjee, Bri 11 and Beggs were dispersed and 
resemb 1 ed single phase f1 ow. The 1 ow ho 1 dups in the present 
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Comparison of Mukherjee, Brill and Beggs Holdup Correlation 
for Downhill Flow with Experimental Holdup Data 
Conclusions 
CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
The present study of horizontal and downhill, two-phase, 
oil-water flow has led to several conclusions that the author considers 
t 『nportant. The conclusions are limited to the range of data obtained 
and the type of liquids used. Use of the results to check with signifi-
cantly different parameters; pipe sizes, oil densities and viscosities, 
inclination angle and flow rates is not advisable. The conclusions are: 
(1) Flow regime formation is dependent on the angle of 
inclination of the flow system. The change from 
horizontal (0 degrees) to either -15 or -30 degrees 
will have the greatest effect on flow regime 
formation. 
(2) The comparison of the experimental data to the 
Taitel and Dukler generalized gas-liquid flow map 
modified for liquid-liquid flow indicated that no 
feasible correlation exists with the present form of 
modification of the generalized, dimensionless 
variables. 
(3) Water-oil slippage is a function of the inclination 
angle of the pipe and was highest at -15 degrees, 




(4) Water holdup seems to be dependent on the flow 
regimes. Holdup approaches unity, at all in-
clination angles studied, when the flow regime 
becomes massive bubble, which consists of oil drops 
in a continuous water phase. 
( 5) Oil s 1 i ppage past water in hori zonta 1 fl ow occurs at 
low water fl ow rates. At higher water rates the 
slippage becomes less severe, and at the highest 
water flow rates, there is almost no slippage. 
(6) Gravity is a significa川 factor in causing increas-
ing slip velocity and decreasing water holdup in 
downhi 11 oi 1” water flow. 
(7) Water will slip past the oil phase in downhill flow 
at low flow rates with a large slip velocity. As 
the fl ow rates of water increase, however, the s 1 i p 
velocity decreases, which indicates that there is 
less slippage between the oil and water and at 
maximum flow rates of water, there is almost no slip 
velocity. 
(8) In both situations of downhill flow, -15 and ” 30 
degrees, respectively, the experimental holdup did 
not correlate well with the calculated values from 




Future study of horizontal and downhi 11 two-phase oi 1-water 
fl ow shou 1 d be extended to cover the fo 11 owing: 
(1) Future studies should vary more experimental parame-
ters such as oil viscosity, oil density and pipe 
diameter to ensure a full understanding of the 
effect that changing conditions have on the 
formation and transition of flow regimes. 
(2) Consideration should be given to the further study 
of the initial assumptions used in the mechanistic 
model for analytical prediction of transition 
between regimes developed by Taitel and Dukler to 
discover if any further assumptions or modifications 
are possible to completely transform the gas-liquid 
generalized dimensionless variables into usable 
liquid-liquid d i 『nensionless variables. 
(3) Future work involving oil-water flow should include 
the effects of flow regime formation and holdup on 
pressure drop. 
( 4) Future work shot』 ld involve more angles of in-
cl i nation between O and -30 degrees, respectively, 
since important slippage occurs at those angles. 
(5) Future experimentation with oil-water systems should 
consider using diesel fuel instead of Soltrol 130 or 
any other type of light mineral oil because of the 
possibility of algae and bacteria growth which will 
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lead to replacement of the oil supply and the need 
for separate storage of the oil and water which will 
be impractical. 
APPENDIX I 
Modification of Generalized Flow Regime Dimensionless Groups 
Developed by Taitel et al. for the Present Flow System 
The generalized flow regime map dimensionless groups developed 
by Taitel and Dukler will be modified for testing on the flow system now 
being used. 
The following is a check to see if these dimensionless groups 
are applicable to the system. 
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I PL - PG Jτ飞 cos a (Al-6) 
去
K = F 
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F [ ( R ) SJ 告\\ e L (Al-7) 
Now, check to see if the Blassius equation is applicable in the flow 
rates of interest; 0 + 2000 B/D. The pipe diameter (D) is 2-inch ID. 
NRe where v = * and A = （τ ／ 4) 02 = 0.02182 ft2 
From the data sheet of the oil used, Soltrol 130, in Table III: 
v0 (32 degrees F) = 2.775 cs = 2.581 ft2/D 
v0 (100 degrees F) = 1.358 cs = 1.263 ft2/D 
Assuming the kinematic viscosity of the oil behaves as a 1 inear func-
ti on: 
At the experimental temperature of 77 degrees F, 
v 0 = 1. 709 ft2 /D 
Q~D 
For N ... e = 2100 ＝亏一
…- 0 
therefore, Q = 126 B/D 
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It fo 11 ows that for v 0 = 2. 775 cs, when NRe = 105, then Q0 
= 6018 B/D and when NRe = 2100, then Q。＝ 61.8 B/D. 
Similarly, when v0 = 1.358 cs, 
and NRe = 105, Q = 2944 B/D 
when NRe = 2100, Q = 61.9 B/D. 
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Now, for water, the Blassius equation will be the same. However, the 
kinematic viscosity at 77 degrees F is 
vw = 0.9935 cs = 0.924 ft2/D 
Similarly, with a 11 other parameters being the same, the 


























































with w = water and o = oil 
D ~p 
f ＝去（ τ ）→刁
吉 P v 
then t.P/L ,. dP/dx = (2fpv2)/D 
so (d阳）~ = (2 f'tpWv~ )/0 
with pw (77 degrees F) = 62.24 lbm/ft3 
Qw must be in B/D, therefore, 
-4 2 0.2 (dP/dx)5 = 1.418 x 10 (Q /Q )(lbm/ft2sec2)) 
w w 
Si nee the answer in uni ts of 1 bf／仰 is preferred, ( dP I以）！ must be 
divided by gc ’ 
therefore, 
国 6 1.8 (dP/dx)! = 4.407 x 10 ~ lbf /ft3 
引nee every variable in the 叩ation for (dP／出）~ is the same 
as (dP/dx ）；以cept for viscosity and densi 句，（v0 = 1.709 ft2/D and ρ 。
= 47.0 lbm/ft3) 
therefore, (dP／州：＝ (2νov2)/D 
so 
‘‘,,,, VA ,G ,,,, nv· .AU ，，，‘、
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vu 句，
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is then reduced to 
y = 4.06 x 106 
Similarly, F is reduced down to a simple form from~ 
F = 
p 0 
s u G 






to F = 0.0023 
Q 
0 
I cosα (Al-13) 
Finally, 
K = F i 手） 告 with = SW HU Q w τ 
therefore substituting for the appropriate parameters, 
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These dimensionless groups wil 1 incorporate the data gathered 
from the flow system to generate a dimensionless flow regime map for 
liquid-liquid flow. This map should be similar to the map generated by 
Taitel and Dukler for gas-liquid flow. 
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The f o 11 owing computer program, FMAP, ca lcu 1 ates the 
dimensionless parameters X, T, Y, F and K used by Taitel and Dukler in 

































PROGRAM FMAP CALCULATES THE DIMENSIONLESS PARAMETERS X, T, Y, F AND * 
K USED BY TAITEL AND DUKLER (ALCHE J. 1976) IN CREATING THEIR "' 
GENERALIZED FLOW REGIME MAP. THESE PARAMETERS WERE DEVELOPED * 














- FLOW RATE OF OIL, B/D 
- FLOW RATE OF WATER, B/D 
- ANGLE OF INCLINATION, DEGREES 




- FLOW RATE OF OIL, B/D 
- FLOW RATE OF WATER, B/D 
- ANGLE OF INCLINATION, DEGREES 
- DIMENSIONLESS MARTINELLI PARAMETER 
- DIMENSIONLESS DISPERSED BUBBLE FLOW PARAMETER 
- DIMENSIONLESS INCLINATION PARA问ETER
- DIMENSIONLESS WAVY FLOW PARAMETER 











REAL QWATER( 1000) ,QOIL( 1000) ,ANGLE( 1000) 
REAL X( 1000). T( 1000). Y( 1000) IF( 1000) 'K( 1000) 
INTEGER FR(lOOO) 




C CALCULATION OF OUTPUT PARAMETERS C:---------------------------------------------------------------------
DO 7 I=l, N 
READ(5,10)QOIL(I),QWATER(I),ANGLE(I),FR(I) 
ANGLE(I)=-(ANGLE(I)*3.14/180.0) 
X(I)=l.08*(QWATER(I)/QOIL(I ))”( 0.9) 
T(I)=(0.0005367"'(QWATER(I ）川0. 9) )/(COS(ANGLE( I))“0.5) 
Y(I )=( 4110000. 。＊SIN(ANGLE(I)))/(QOIL(I ）忖1.80)
F(I)=(0.00225*QOIL(I))/(COS(ANGLE(I ))“0.5) 
K(I)=(0.01533叮OIL(I)*(QWATER(I)**0.5))/(COS(ANGLE(I ））川0.5)
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APPENDIX II 
Calculation of the Martinelli Parameter in 
Horizontal and Inclined Flow 
It was necessary to transform Equation (3) into a dimension-
less form, Equation (7), which has all variables dependent upon only hl 
= hl/D (liquid level/pipe diameter) designated by a tilde （寸 so that 
Figure 12 can be used to calculate an X value for a given hL value. 
τWG 
s 1 1 A:"" - "WL 丁？＋ τisi （ γ ＋ TC. ）（气’ PG) g sinα ＝ 0 
L G 
(3) 




















































+ ( 7) 
All of the dimensionless variables with the superscript - that depend 
only on hL can be seen from equati ens ( 10) through (16) in Chapter 3. 
Since at horizontal, where α ＝ 0, Y, in Equation (9) also equals zero. 
Therefore, Equation (7) can be rearranged to yield a value for X for a 
e HU 吨···2u vv ’E
』
‘-






Starting with equations (10) through (16), the following 




( 21\ - 1) 
B 
- 
cos-1(2hL- 1) = cos-1A 
c 
1 电 ＝霄， B＝ τ － cos- (2hL -1) 




(A2 ” 4) 




-2 (ULDL)- UL 
AL 




















For the first section (FS) 
Substitute Equation (6) and (15) and simplifying, 
156 




0.2 and A 
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4A AL AL 
。 .758 x2 
s 0.2 ” 2 
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L A 










0. 7 58 [ * ) 1. 8 x 2 ;1. 2 . ... L 













VA -tA nud au
- 
nu 々dF如E
（节－ cos-1（斗 1))1.2 1 
(2hL - 1) + (2hL-1)/1 - (2hL- 1)2 ')3 J 














For the second section, (SS), substitute Equation (6) and (16) and 
simplify: 
SS = 比去rl~ i (A2-11) 















＝（子 l 0.2 （亏）
= 0.758 
= 0.758 















































Similarly, the third section (TS) becomes 
158 
·. ·. 







= Fb Tt 
A G 
therefore, TS = -nu EX 
nυTA +-- nDRD 
一句，』; 而U (A2-14) 






FHS = (A2-16) 
Now combining all four sections gives the following arrangement: 
x2 FS - SS x (TS + FHS) + 4(Y) = 0 (A2-17) 
Solving for X at horizontal flow (Y ＝。）：
//
V (A2-18) 
This equation will be used to calculate an X value for a given hL value, 
at horizontal flow. 
159 
Now for an angle of inclination of the system away from 
hori zonta 1 , the Y va 1 ue, wi 11 not equa 1 zero and must be taken into 
account when calculating X values from hl values. Using Equation (9) 
and Figure 12, X values can be located at certain Y values which are 
dependent upon the fl ow rate of the 1 i ghter phase and the a ng 1 e of 
inclination (in this case, downhill flow is used). In this work, Y is 
calculated for a specific flow rate of oil and set angle of inclination. 
Substitute Y into Equation (7) and the resl』 lt after simplification is: 
x = /ss x (TS~）＋ 4Y 
This equation calculates an X value for a given hl and a constant Y 
value. 
The fo 11 owing computer programs HLD and HLDXDK calculate the 
appropriate values of the Martinelli parameter X for horizontal and 




















PROGRAM HLD CALCULATES THE APPROPIATE VALUE OF THE MARTINELLI * 
PARAMETER X FOR HORIZONTAL FLOW FROM EQUATIONS ASSOCIATED WITH * 
THE EQUILIBRIUM LEVEL FOR STRATIFIED FLOW CURVES ON FIGURE 12 * 
IN THE TEXT. 费
x 
HL 
- DIMENSIONLESS MARTINELLI PARAMETER 
- EQUILIBRIUM LEVEL FOR STRATI FI ED FLOW FROM FIGURE 








































































































































































































































































































































































































































































































































































































































































































































11. 242 .70 



















































PROGRAM HLDXDK CALCULATES A DIMENSIONLESS MATRINELLI PARAMETER * 
(X) FROM EQUATIONS ASSOCIATED WITH THE EQUILIBRIUM LEVEL FOR * 
STRATI FI ED FLOW CURVES ON FIGURE 12 IN THE TEXT. EACH VALUE * 
OF X CALCULATED IS DEPENDENT ON THE Y INPUT VALUE. FOR IN- * 
CLINED FLOW, THE Y VALUE WILL VARY ACCORDING TO THE ANGLE OF * 
INCLINATION AND OIL FLOW RATE. Y VALUES ARE CALCULATED FROM * 





- OIL FLOW RATE, 8/0 
- ANGLE OF INCLINATION, DEGREES 




- DIMENSIONLESS MARTINELLI PARAMETER 








c－－－－－－－－－－－－－－－－』－－－－－－－－－－－－－－－－咀’－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－自由－C READ INPUT PARAMETERS 
c－－－－－－－－－－－－－－－－－－－－－－－－－－－－－回田’－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－READ(S,*)QOIL,ANG,Y 
FOURY=4*Y 
c－－－－－－－－－－－－－－－－－－－－－－－－皿幅’－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－C CALCULATION OF X PARAMETER 
c------------------------------------”’------------------------------ DO 1 I=l, NHLD 
HLD(I)=ADDHLD+O.Ol*I 
A( I )=(2*HLD( I)-1. 。）
B(I)=ACOS(A(I)) 
C(I)=3.1415-B(I) 
D(I)=SQRT(l. 。－（ A(I)**2. 。））
FS(I )=( C( I ）川 1.2/(0.25*(C(I)+A(I)*D(I) ）川3. 。））＊0.491





















DO 5 I=l ,NHLD 
c--------------------------------------------------------------------




C’------------------------------------------------------------------- C FORMAT STATEMENTS 
c--------------------------------------------------------------------








QOIL (BID) ANGLE y 
··四…··．，圃，．，．．．．．．．．圄．









1. 021 .07 




















































41. 682 .56 















58.984 . 72 
60.096 .73 




66 .210 .78 
67.659 .79 
69.251 .80 






















OIL (BID) ANGLE y 




















































11. 309 .45 

























24.306 . 71 
25.088 .72 
25.937 . 73 
26.870 . 74 
27.903 .75 
29.059 .76 















67. 210 .87 










QOIL (BID) ANGLE y 
..........,.................. .. 




















1. 473 .18 
1.626 .19 
1.785 .20 










3. 911 .31 













































19. 790· .73 
20.795 .74 
21. 924 .75 
23.200 .76 


























QOIL (BID) ANGLE y 
.....................”......., .. 





















1. 219 .. 19 
1.338 .20 
1.462 .21 







































8. 776 .57 
9.095 .58 
9.427 .59 











































OIL (BID) ANGLE y 






















10 .154 .20 

















31. 381 .38 
32.767 .39 






37. 010 .42 
38.450 .43 
39.900 .44 





48. 774 .50 
50.272 .51 
51. 772 .52 
53.274 .53 








66. 711 .62 
68 .178 .63 
69.637 .64 
























101. 368 .84 
104.477 .85 
108.339 .86 
113. 295 .87 










QOIL(B/D) ANGLE y 
－田－－－－－















































------ 12.780 .40 






























31. 604 .71 





37.520 . 77 











































































6 .175 .34 
6.490 .35 









































21. 249 .70 



















51. 779 .85 












QOIL (BID) ANGLE y 




















1. 518 .18 
1. 676 .19 
1.840 .20 
2. 011 .21 
































































24.942 . 77 















206.694 . 93 






































PROGRAM DUKMAP CALCULATES THE APPROXIMATE TRANSITION BOUNDARY * 
LINES IN THE GENERALIZED GAS-LIQUID FLOW REGIME MAP DEVELOPED * 
BY TAITEL AND DUKLER (AICHE J. 1976) USING PARAMETERS MODIFIED * 
FOR THE CONDITIONS OF THE EXPERIMENTS PERFORMED. THE GENER- * 





- MARTINELLI PARAMETER CALCULATED FROM PROGRAM HLD * 
FOR HORIZONTAL FLOW OR PROGRAM HLDXDK FOR INCLINED * 
FLOW * 
- EQUILIBRIUM LEVEL FOR STATIFIED FLOW CALCULATED * 







- MARTINELLI PARAMETER 
- PARAMETER THAT SATISFIES THE CRITERIA FOR THE 
TRANSITION BETWEEN STRATIFIED (S) AND INTERMIT-
TENT (I) OR ANNULAR-DISPERSED LIQUID (AD) REGIMES 
- PARA问ETER THAT SATISFIES THE CRITERIA FOR THE 
TRANSITION BETWEEN INTERMITTENT (I) AND ANNULAR 
DISPERSED LIQUID (AD) REGIMES 
- PARAMETER THAT SATISFIES THE CRITERIA FOR THE 
TRANSITION BETWEEN STRATIFIED SMOOTH (SS) AND 
STRATIFIED WAVY (SW) REGIMES 
- PARAMETER THAT SATISFIES THE CRITERIA FOR THE 
TRANSITION BETWEEN INTERMITTENT (I) AND DISPERSED 




















REAL SOL(500) ,DOL(500) ,DWL(500) ,CLINE(500) ,DLINE(500) 
190 
c--------------------------------------------------------------------
C READ NUMBER OF INPUT PAIRS 
c--------------------------------------------------------------------
READ(S,*)NVALUE 
DO 1 I=l, NVALUE 
c--------------------------------------------------------------------
C READ INPUT PAIRS 
c－－－－－－－－－－－－－－－－－－－－－－－』－－－－－－－－－－－－－－－－－『－－－－－－－－－－－－－－－－－－－－－－－－－－READ(S,*)NX(I),HL(I) 
1 CONTINUE 
CALL DUKNUM( HL ,AWL ,AOL, SIL, UWL, UOL, C2, OWL, NVALUE) 
CALL LINEA( NVALUE, C2, UOL, HL ,AOL ,ALINE) 
CALL LINEC(NVALUE,UOL,UWL,CLINE) 
CALL LINED( NVALUE ,AOL, UWL, SIL, OWL, OLINE) 
WRITE (6,10) 
DO 2 I=l,NVALUE 
c－－－－－－－－－－－－－－－－－－－『－－－－－－－－－－－－－－－－－－－C PRINT OUT CALCULATED VALUES 
c--------------------------------------------------------------------
WRITE( 6, 20)NX( I) ,ALINE( I), CLINE( I), OLINE( I)-
2 CONTINUE 
c--------------------------------------------------------------------
C FOR问AT STATEMENTS 





SUBROUTINE DU KN UM ( HL,AWL ,AOL, SIL, UWL, UOL, C2, OWL, NVALUE) 
C******************************************************************** 
c ，除







SUBROUTINE OUKNUM CALCULATES VARIABLES THAT ARE DEPENDENT ON * 
THE DIMENSIONLESS VALUE OF HL. THESE VARIABLES WILL BE USED * 
IN THE FOLLOWING SUBROUTINES TO CALCULATE THE APPROPRIATE FLOW * 





























































































































































































































































SUBROUTINE LINEA CALCULATES THE DIMENSIONLESS PARAMETER F 
WHICH STATISFIES THE CRITIERIA FOR THE TRANSITION BETWEEN 
STATIFIED AND INTERMITTENT OR ANNULAR DISPERSED LIQUID 




REAL ALI NE( 500), C2 ( 500) , SOL( 500), DOL( 500) 
REAL DWL(500) 
DO 1 I=l, NVALUE 
ALINE( I )=SQRT( 1. 。／（（ C2( I)川2 ）气（ UOL(I)**2)*












LINEB IS THE TRANSITION BETWEEN INTERMITTENT AND ANNULAR DIS-
PERSED LIQUID REGIMES. SINCE THIS TRANSITION TAKES PLACE AT 
A CONSTANT VALUE OF HL=0.5, A SINGLE VALUE OF X CHARACTERIZES 
THE CHANGE IN THE REGIME FOR ANY DIMENSIONLESS Y PARAMETER 
VALUE. FOR HORIZONTAL FLOW, Y=O, AND X=3.17 FROM THE DATA 
GENERATED FROM PROGRAM HLD. FOR INCLINED FLOW, THE Y PARA-
METER WILL VARY ACCORDING TO THE FLOW RATE OF OIL AND ANGLE 
OF INCLINATION. THE X PARAMETER IN THIS CASE IS CALCULATED 































SUBROUTINE LINEC CALCULATES THE DIMENSIONLESS PARAMETER K 
WHICH SATISFIES THE CRITERIA FOR THE TRANSITION BETWEEN 
STRATIFIED SMOOTH AND STRATIFIED WAVY REGIMES UNDER THE GIVEN 
VALUES OF THE MARTINELLI X PARA问ETER
C******************************************************************** 
REAL UWL( 500) , UOL( 500), AWL( 500) , CU NE( 500) 
REAL SOL(500),DOL(500),DWL(500) 
DO 1 I=l, NVALUE 















SUBROUTINE LINED CALCULATES THE DIMENSIONLESS PARAMETER T 
WHICH SATISFIES THE CRITERIA FOR THE TRANSITION BETWEEN IN-
TERMITTENT AND DISPERSED BUBBLE FLOW REGIMES UNDER THE GIVEN 











































































































































eεNERALIZED rL。W RE~I“：“AP 
~民E Of INCLINATION • -1!5 DEGREES 























COMPARISON Of fLOW DATA TO GENERALIZED fl 。W RE CI ME 
MAP (TAITEL & DUKLER）。IL fLOW RATE - JOO s/o 
ANGLE Of INCLINATION • -15 DECREES 
TRANSIT I 。N BET旺EN STRATIFIED (S) AND INTERMITTENT 








e STllATifICD 鼠AVY now 
• STllATirICD 趴，．．ιE now 
AD 













C()t.(?ARISON Of fLOW DATA TO GENERALIZED fLOW RECI&AE 
MAP (TAITεL le DUKLER）。IL fL ow RA TE - JOO e/o 
ANCLE Of INCLINATION • -15 DECREES 
TRANS I口ON BET旺EN lNTERt.<lTTENT (I) ANO 
ANNULAR-DISPERSED LIQUID (AD) RECI旺S
-。
• S'TltATif"JtD WAVY now 
• S'TllATirJto IUllL[ rt O’ 
AD 
fl fl e fl eei!l!>G~ 






c。“PARISON Of" now DATA TO GENERALIZED fl。W REGI凶：
队P (T AITEL & DυκLER）。IL f"LOW RATE - 300 e/o 
ANGLE Of" INCLINATION • -15 DEGRεES 
TRANSITION BET旺EN STRATif"IED S比>OTH (SS）州D






• STU. Tl f'J tD W..V'f rL Oii' 











COMPARISON Of FLOW DATA TO GENERALIZED fLOW RECIIAE 
MAP (TAITEL & DUKLER) OIL FLOW RATE • 300 BID 
ANCLE Of INCLINATION • -15 DECREES 
TRANSITION BET旺EN INTERMITTENT (I) AND 
DISPERSED BUBBLE (DB) RECIIAES 
·宫T~.－.THICD w.-.VY now 





















GENERALIZED FLOW RECI凶E lo(AP 
ANCLE Of INCLINATION • -15 DECREES 
OIL now RATE - 500 e/1。
SW 
，，，…·‘、
-- " //\ 
/
//\ 





















COMPARISON Of fl 。W DATA TO CENERALIZED fLOW RECIME 
IAAP (TAITEL & OUKLER）。IL fl ow RA TE - 500 e/o 
ANCLE Of INCLINATI倒• -15 DECREES 
TRANSITI创 BET旺EN STRATIFIED (S) AND INTERLUTTENT 
(I) OR ANNULAR-DISPERSED LIQUID (AD) RECI旺S
FOF 
• STll.ATJrICO 幢f..Vγnow
.. STUTJrICo IU91l[ now 












COMPARISON Of now DATA TO GENERALIZED fLOW RECIME 
MAP (TAITEL & OUKLER）。IL FLOW RATE - 500 e/o 
ANCLE Of lNCLlNATION • -15 DECREES 
TRANSIT I创 BET旺EN INTERMITTENT (I) AND 
ANNULAR-DISPERSED LlOUID (AD) RECI旺S
FOF 
• STltATirICO 回AVY now 
"' STltATirICO IUHLC f'LOW 














c。“＝＞ARISα唱 Of f'LOW DATA TO CεHERALIZED f'LOW REGI“: 
“ P (TAITεL le OU阻四） OIL f'LOW RATE - ~00 e/o 
ANGlE Of INCLINATION • -15 DEGREES 
TRANSITION BET旺EN STRA Tif'IED S“X>TH (SS) ANO 





• STllATJP'JCO •民.vv nos 
e STllATJfUD •”... [ flO’ 
... llMUIW: -“.[ no’ 
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COMPARISON Of' f'LOW DATA TO GENERALIZED f'LOW RECIME 
MAP (TAITEL & DUKLER) OIL f'LOW RATE - 500 e/o 
ANCLE Of' INCLINATION • -15 DECREES 
TRANSIT ！。N BET旺EN INTERMITTENT (I) AND 
DISPERSED BUBBLE (DB) REGIMES 
~ 
。 阿节节1
• STl!ATirICo WAVY rL ow 
• STl!ATirIEO ’UllLC now 


























GENERALIZED FLOW RECI“E MAP 
ANCLE Of INCLINATI创• -30 DECREES 



































CO&APARISON Of now DATA TO GENERALIZED Fι。W RE CI ME 
MAP (T AITEL & 0υKLER）。IL flOW RATE - JOO e/o 
ANCL E 。F INCLINAT Z 。N • -JO DECREES 
TRANSITION BET旺EN STRATIFIED (S) ANO INTERMITTENT 
(I）佣 ANNULAR-DISPERSED LIOUIO (AD) RECI旺S
F。
F
• nunr1co ‘AVγnow ．，τu,TJrICD 趴，•M.C rL O’ 
’‘“.usIYC 拟’“·ιE no’ 
AD 
e e e e e<!G:!> &AX 
s 
10-1 100 101 
x 
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COMPARISON Of fLOW DATA TO GENERALIZED fLOW RECH.£ 
UAP (TAITEL le OUl<LER｝。IL fLOW RATE - JOO e/o 
ANGLE Of INCLINATION • -JO DECREES 
TRANSITION BET旺EN INTERMITTENT (I} AND 
ANNULAR-DISPERSED LIQUID 队的 RECI旺S
FOF 
• STllATHICD WAVY now 
A STllATirICD 趴，．．ιE now 















COi.FARIS倒。F fLOW DATA TO GENERALIZED flOW REGI旺
以p (TAITEL • DUKLER) OIL now RATE - 300 BID 
ANGLE Of INCLINATION • -30 DEσREES 
TRANSITION BET旺εN STRATIFIED SUO。TH (SS) AHO 







e l'TUTJ:P'IEO WAVY f'LO帽’
• l'TUTif'U:O ~＇ now 
．凰”tYl 翩翩•U f'LO’ 
103 
207 
COMP ARI SON Of fl OW DAT A T。 GENERALIZED FLOW REGIME 
MAP (TAlTEL & DUKLER) OIL fl ow RATE - :300 a/o 
ANCLE Of lNCLlNATlON • -:30 DEGREES 
TRANSITION BET旺EN l NT ER Ml TT ENT (I) AND 
DISPERSED BUBBLE (DB) REGI旺S
FOF 
• ST!tATirICO WAVY rLO'll' 
• STftATirICo II.JiiiιE HO'll' 















- 10-1 10° 101 102 10:3 
x 
208 
GENERALIZED f"LOW REGI阳E MAP 
ANGl E Of' I NCl I NA TIα叫• -30 DEGREES 


































|? 。10-2' I I "",'6-1' I I 1111,'bo I I I 1111,'61 I I I 1111,'62 I …'",'63 
x 
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COMP ARI s。N Of now DATA TO GENERALIZED f'LOW RECil.(E 
l.(AP (TA!TEL & OUKLER）。IL FLOW RATE - 500 e/o 
ANCL E 。F INCLINATION • -:SO DECREES 
TRANS I TI 。N BET随EN STRATIFIED (S) AND INTERMITTENT 
(I）佣 ANNULAR-DISPERSED LIQUID (AD) REGI旺S
F。
F
• S'TftATlrIC:D 鹏AVY fl O’ 
• STllATiric:D .... . 1.1: now 












COLf>ARI S臼~ OF flOW DATA TO GENERALIZED flOW RECU.E: 
MAP (TAlTEL le DUKLER）。IL fLOW RATE - SOO e/1。
ANGLE OF INCLINATION .. -JO DECREES 
TRANSITION BET旺EN INTERUlTTENT (l) AND 
ANNULAR-DISPERSED L ZαJID (AD) RECl旺S
FOF 
• STllATiritD .,.VY Fι。，














COt.f>ARIS。钊 Of now DATA TO 0£NERιIZEO FLOW REGit.£ 
W.P (TAITEL " OUKLER) OIL FLOW RATE - 500 e/o 
AHGlE Of INCLINATION - -30 DEGREES 
TRANSIT I倒 BET旺EN STRATIFIED St.fOOTH (SS) AHO 





e S'TRATIP'ICD W.YγP'LOW 












COMPARISON Of fLOW DATA TO GENERALIZED fLOW REGIME 
IAAP (TAITH & DUKLER) OIL FLOW RATE "' 500 BID 
ANGLE Of INCLINATI 臼~ • -JO DEGREES 
TRANSITION BET盹EN INTERMITTENT (I) AND 
DISPERSED BUBBLE (DB) REGIMES 
/ 
• STllATirICD WAVY now 
• STllATirHD ’UHLC HO’ 
























c PROGRAM HOLDUP CALCULATES THE VOLUME FRACTION OF THE PIPE 3何
c OCCUPIED BY THE MORE DENSE PHASE. THIS VOLUME FRACTION ’々
c IS REFERRED TO AS HOLDUP. 唱民
c * 
c INPUT PARAMETERS: * 
c ，除
c N NUMBER OF INPUT DATA LINES ，随
c QOIL OIL FLOW RATE, B/D ，何
c QWATER WATER FLOW RATE, B/D ’” 
c ANGLE ANGLE OF INCLINATION, DEGREES ，々
c FR FLOW REGIME OBSERVED AT GIVEN FLOW 咱惺
c RATES OF OIL AND WATER * 
c DTI DISTANCE TO INTERFACE, CM ，地
c ’民
c OUTPUT PARAMETERS: ’岖
c ，々
c QOIL OIL FLOW RATE, BID ’医
c QWATER WATER FLOW RATE, BID * 
c ANGLE ANGLE OF INCLINATION, DEGREES * 
c FR FLOW REGIME OBSERVED AT GIVEN FLOW * 
c RATES OF OIL AND WATER * 
c HU HOLDUP OF THE MORE DENSE PHASE 唱民
c VF VOID FRACTION ’惬
c OIF OIL INPUT FRACTION ’民
c WIF WATER INPUT FRACTION ，随
c HUR HOLDUP RATIO * 
c ’随
C ＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊肯＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊＊肯＊＊＊
REAL QOI L(lOOO), QWATER(lOOO) ,ANGLE( 1000), DTI (1000), VF(lOOO) 





C READ INPUT PARAMETERS 









WI F( I)=QWATER( I)/( QWATER( I)+QOI L( I)) 
OI F(I )=1. 。－WI F(I) 




C PRINT OUT CALCULATED PARAMETERS 
c－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－皿－－－－－－－－『－－－－－－－－－－DO 2 I=l ,N 




C FORMAT STATEMENTS 
巳－－－－皿－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－7 FORMAT(F6.l,F6.l,F6.l,A5,F6.l) 
10 FORMAT(1Hl,T2,*QOI L赏， Tll, *QWATER*, T22, *ANGLE*, T32, 
$*FLOW REGIME*,T48,*HOLDUP*,T59,*VOID FRACTION＊，丁76,
$*WATER INPUT*,T92,*0IL INPUT＊，丁 106 '*HOLDUP* I' T3 I *8/[]* 'T13 I 
$*8/D* I T34' *OBSERVED*' T77 '*FRACTION*' T93 '*FRACTION*' T107' 
$*RA TI O *I , T 2 , 4 ( * - * ) , Tl 1 , 6 ( * - * ) , T 2 2 , 5 ( * - * ) , T3 2 , 11 ( * －仆，
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APPENDIX V 























PROGRAM MBBCORR CALCULATES WATER HOLDUP FOR CERTAIN INPUT 
PARAMETERS. THIS EMPIRICAL WATER HOLDUP CORRELATION WAS 
DEVELOPED BY MUKHERJEE,BRILL AND BEGGS (TRANS. OF ASME, 











- NU问BER OF INPUT DATA LINES 
- OIL FLOW RATE, B/D 
- WATER FLOW RATE, BID 
- ANGLE OF INCLINATION FROM HORIZONTAL, DEGREES 
- OIL VISCOSITY, CP 
- WATER VISCOSITY, CP 
- 0 IL DENSITY, LB/GAL 
- WATER DENSITY, LB/GAL 






- OIL FLOW RATE, B/D 
- WATER FLOW RATE, B/D 
- ANGLE OF INCLINATION FROM HORIZONTAL, DEGREES 
































c－－－－－－－－－－－－－”－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－田－－－－－－－－－－－－－－－－－－－－－C READ INPUT PARAMETERS 
c-----------“-------------------------------- READ(S,*)OVIS,WVIS,ODEN,WDEN,PD 









WI F( I )=QWATER( I)/( QWATER( I )+QOI L( I)) 
OIF( I)=l. 0-WI F( I) 
MVI S( I)=OI F( I) *OVI S+WI F( I) *WVI S 
MOEN( I )=OI F( I ）叼DEN+WIF(I)*WDEN
MVEL(I)=VSO(I)+VSW(I) 
MNRE(I)=(MDEN(I)*MVEL(I)*PD)/MVIS(I) 
HUW(I)=8.3763*(WIF(I ）川 1. 2428 ）气 SIN(ANG(I))**0.4947)




c－－－－－－－－－『－－－－－－－－－－－－－－－－－』－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－白白C PRINT OUT CALCULATED PARAMETERS 
c-------------------------------------------------------------------
DO 2 I=l, N 
WRITE( 6, 20 )QOI L( I), QWATER( I) ,ANG( I), HUW(I) 
2 CONTINUE 
c-------------------------------------------------------------------
C FORMAT STATEMENTS 
c-------------------------------------------------------------------
10 FORMAT( lHl, T3, *QOI L食， Tll, *QWATER*, T22, *ANGLE*, T32, *WATER* I, 
$T4 ，吧ID*, T13 ，咱ID*, T21, *DEGREES*, T32, *HOLDUP*/, T3, 4( *-*),Tl 1, 
$6(*-*),T21,7 （＊－＊），丁32,6(*-*)/)




QOIL QWATER ANGLE WATER 
B/D B/[] DEGREES HOLDUP 
------
------- 50.0 50.0 -15.0 .91 
50.0 100. 0 -15.0 1.17 
50.0 150.0 -15.0 1. 26 
50.0 200.0 -15.0 1. 29 
50.0 250.0 -15.0 1. 30 
50.0 300.0 -15.0 1. 30 
50.0 350.0 -15.0 1. 30 
50.0 400.0 -15.0 1. 29 
50.0 500.0 -15.0 1. 27 
50.0 600.0 -15.0 1.24 
50.0 700.0 -15.0 1.22 
100. 0 100.0 -15.0 .78 
100.0 200.0 -15.0 1. 01 
100.0 400.0 -15.0 1.12 
100. 0 600.0 -15.0 1.13 
100. 0 700.0 -15.0 1.12 
150.0 50.0 -15.0 .34 
150.0 100.0 -15.0 .57 
150.0 150.0 -15.0 .72 
150.0 200.0 -15.0 .82 
150.0 250.0 -15.0 .88 
150.0 300.0 -15.0 .93 
150.0 350.0 -15.0 .96 
150.0 400.0 -15.0 .98 
150.0 500.0 -15.0 1. 01 
150.0 600.0 -15.0 1. 03 
150.0 700.0 -15.0 1. 03 
200.0 50.0 -15.0 .25 
200.0 100. 0 -15.0 .44 
200.0 150.0 -15.0 .58 
200.0 200.0 -15.0 .68 
200.0 250.0 -15.0 .75 
200.0 300.0 -15.0 .80 
200.0 350.0 -15.0 .84 
200.0 400.0 -15.0 .87 
200.0 500.0 -15.0 .91 
200.0 600.0 -15.0 .94 
200.0 700.0 -15.0 .96 
250.0 50.0 -15.0 .19 
250.0 100.0 -15.0 .36 
250.0 150.0 -15.0 .48 
224 
QOIL QWATER ANGLE WATER 
8/[] 8/0 DEGREES HOLDUP 
------ ------- 250.0 200.0 -15.0 .58 
250.0 250.0 -15.0 .65 
250.0 300.0 -15.0 .70 
250.0 350.0 -15.0 .75 
250.0 400.0 -15.0 .78 
250.0 500.0 -15.0 .83 
250.0 600.0 -15.0 .87 
250.0 700.0 -15.0 .89 
300.0 50.0 -15.0 .15 
300.0 100.0 -15.0 .30 
300.0 150.0 -15.0 .41 
300.0 200.0 -15.0 .50 
300.0 250.0 -15.0 .57 
300.0 300.0 -15.0 .62 
300.0 350.0 -15.0 .67 
300.0 400.0 -15.0 .71 
300.0 500.0 -15.0 .76 
300.0 600.0 -15.0 .80 
300.0 700.0 -15.0 .83 
350.0 50.0 -15.0 .13 
350.0 100.0 -15.0 .25 
350.0 200.0 -15.0 .43 
350.0 250.0 -15.0 .50 
350.0 300.0 -15.0 .56 
350.0 350.0 -15.0 .60 
350.0 400.0 -15.0 .64 
350.0 500.0 -15.0 .70 
350.0 600.0 -15.0 .74 
350.0 700.0 -15.0 .78 
400.0 50.0 -15.0 .11 
400.0 100.0 -15.0 .22 
400.0 200.0 -15.0 .38 
400.0 400.0 -15.0 .59 
400.0 600.0 -15.0 .69 
400.0 700.0 -15.0 .73 
500.0 50.0 -15.0 .08 
500.0 100.0 -15.0 .17 
500.0 400.0 -15.0 .50 
500.0 600.0 -15.0 .61 
500.0 700.0 -15.0 .65 
600.0 50.0 -15.0 .06 
600.0 100.0 -15.0 .13 
225 
QOIL QWATER ANGLE WATER 
8/0 8/0 DEGREES HOLDUP 
------ 
－－－－－－『600.0 200.0 -15.0 .26 
600.0 400.0 -15.0 .43 
600.0 600.0 -15.0 .54 
600.0 700.0 -15.0 .58 
700.0 100.0 -15.0 .11 
700.0 200.0 -15.0 .22 
700.0 400.0 -15.0 .38 
700.0 600.0 -15.0 .48 
700.0 700.0 -15.0 .52 
50.0 50.0 -30.0 1. 25 
50.0 100.0 -30.0 1. 61 
50.0 150.0 -30.0 1. 74 
50.0 200.0 -30.0 1. 79 
50.0 250.0 -30.0 1.80 
50.0 300.0 -30.0 1.80 
50.0 350.0 -30.0 1.79 
50.0 400.0 -30.0 1. 78 
50.0 700.0 “ 30.0 1. 69 
100.0 100.0 -30.0 1. 09 
100.0 200.0 -30.0 1. 40 
100.0 400.0 -30.0 1. 55 
100.0 600.0 -30.0 1. 56 
100.0 700.0 -30.0 1. 55 
150.0 50.0 -30.0 .47 
150.0 100.0 -30.0 .79 
150.0 150.0 -30.0 1.00 
150.0 200.0 -30.0 1.13 
150.0 250.0 -30.0 1.22 
150.0 300.0 -30.0 1.28 
150.0 350.0 -30.0 1. 33 
150.0 400.0 -30.0 1. 36 
150.0 500.0 -30.0 1.40 
150.0 600.0 -30.0 1.42 
150.0 700.0 -30.0 1.43 
200.0 50.0 -30.0 .34 
200.0 100.0 -30.0 .62 
200.0 150.0 -30.0 .80 
200.0 200.0 -30.0 .94 
200.0 250.0 -30.0 1.04 
200.0 300.0 -30.0 1.11 
226 
QOIL Q\VATER ANGLE WATER 
B/[] 8/[] DEGREES HOLDUP 
------ ------- 200.0 350.0 -30.0 1.17 
200.0 400.0 -30.0 1. 21 
200.0 500.0 -30.0 1.27 
200.0 600.0 -30.0 1. 30 
200.0 700.0 -30.0 1. 32 
250.0 50.0 -30.0 .27 
250.0 100.0 -30.0 .49 
250.0 150.0 -30.0 .67 
250.0 200.0 -30.0 .80 
250.0 250.0 -30.0 .90 
250.0 300.0 -30.0 .97 
250.0 350.0 -30.0 1. 03 
250.0 400.0 -30.0 1. 08 
250.0 500.0 -30.0 1.15 
250.0 600.0 -30.0 1. 20 
250.0 700.0 -30.0 1. 23 
300.0 50.0 -30.0 .21 
300.0 100.0 -30.0 .41 
300.0 150.0 -30.0 .56 
300.0 200.0 -30.0 .69 
300.0 250.0 -30.0 .78 
300.0 300.0 -30.0 .86 
300.0 350.0 -30.0 .93 
300.0 400.0 -30.0 .98 
300.0 500.0 -30.0 1. 05 
300.0 600.0 -30.0 1.11 
300.0 700.0 -30.0 1.15 
350.0 50.0 -30.0 .18 
350.0 100.0 -30.0 .35 
350.0 200.0 -30.0 .60 
350.0 250.0 -30.0 .69 
350.0 300.0 -30.0 . 77 
350.0 350.0 -30.0 .83 
350.0 400.0 -30.0 .89 
350.0 500.0 -30.0 .97 
350.0 600.0 -30.0 1. 03 
350.0 700.0 -30.0 1. 07 
400.0 50.0 』30.0 .15 
400.0 100.0 -30.0 .30 
400.0 200.0 -30.0 .53 
400.0 400.0 -30.0 .81 
400.0 600.0 -30.0 .96 
400.0 700.0 -30.0 1. 01 
500.0 50.0 -30.0 .11 
500.0 100.0 -30.0 .23 
227 
QOIL QWATER ANGLE WATER 
8/(] B/D DEGREES HOLDUP 
－－－』－－ ---,,--- 
500.0 400.0 -30.0 .69 
500.0 600.0 -30.0 .84 
500.0 700.0 -30.0 .89 
600.0 50.0 -30.0 .09 
600.0 100.0 -30.0 .18 
600.0 200.0 -30.0 .35 
600.0 400.0 -30.0 .59 
600.0 600.0 -30.0 .75 
600.0 700.0 -30.0 .80 
700.0 100.0 -30.0 .15 
700.0 200.0 -30.0 .30 
700.0 400.0 -30.0 .52 
700.0 600.0 -30.0 .67 






QOIL QWATER ANGLE FLOW INTERFACE 
(BID) (BID) DEGREES REG I 问E (CM) 
－－－白『－－ －－－－甲－－ ------50.0 50.0 0.0 SS 53.0 
50.0 100.0 0.0 SW 77 .0 
50.0 150.0 0.0 SW 82.0 
50.0 200.0 0.0 SW 90.0 
50.0 250.0 0.0 SW 92.7 
50.0 300.0 0.0 SW 101. 7 
50.0 350.0 0.0 SW 102.0 
50.0 400.0 0.0 SW 103.7 
50.0 500.0 0.0 SW 106.0 
50.0 600.0 0.0 SW 109.0 
50.0 700.0 0.0 SW 112. 7 
100 .0 50.0 0.0 SW 37.0 
100.0 100.0 0.0 SW 53.0 
100.0 150.0 0.0 SW 63.3 
100.0 200.0 0.0 SW 72.7 
100.0 250.0 0.0 SW 79.0 
100.0 300.0 0.0 SW 82.7 
100.0 350.0 0.0 SW 85.2 
100.0 400.0 0.0 SW 92.0 
100.0 500.0 0.0 SW 95.0 
100.0 600.0 0.0 SW 98.0 
100.0 700.0 0.0 SB 102.0 
150.0 50.0 0.0 SW 25.0 
150.0 100.0 0.0 SW 41. 0 
150.0 150.0 0.0 SW 53.0 
150.0 200.0 0.0 SW 58.0 
150.0 250.0 0.0 SW 69.0 
150.0 300.0 0.0 SW 75.7 
150.0 350.0 0.0 SW 80.7 
150.0 400.0 0.0 SW 85.0 
150.0 500.0 0.0 SW 89.0 
150.0 600.0 。 .0 SW 95.0 
100.0 700.0 0.0 SB 100.3 
200.0 50.0 0.0 SW 19.0 
200.0 100.0 0.0 SW 37.0 
200.0 150.0 0.0 SW 41.0 
200.0 200.0 0.0 SW 53.0 
200.0 250.0 0.0 SW 62.0 




QOIL QWATER ANGLE FLOW INTERFACE 
(BID) (BID) DEGREES REGIME (CM) 
------ ------- ------- 
------
200.0 350.0 0.0 SW 72.0 
200.0 400.0 0.0 S\v 74.5 
200.0 500.0 0.0 SW 84.0 
200.0 600.0 0.0 SW 86.0 
200.0 700.0 0.0 SB 88.0 
250.0 50.0 0.0 SW 8.0 
250.0 100.0 0.0 SW 27.0 
250.0 150.0 0.0 SW 39.0 
250.0 200.0 0.0 SW 46.0 
250.0 250.0 0.0 SW 54.0 
250.0 300.0 0.0 SW 62.0 
250.0 350.0 0.0 SW 65.0 
250.0 400.0 0.0 SW 69.7 
250.0 500.0 0.0 SW 75.0 
250.0 600.0 0.0 SW 77 .0 
200.0 700.0 0.0 SB 80.0 
300.0 50.0 0.0 SW 7.0 
300.0 100.0 0.0 SW 23.7 
300.0 150.0 0.0 SW 33.0 
300.0 200.0 0.0 SW 39.8 
300.0 250.0 0.0 SW 50.0 
300.0 300.0 0.0 SW 54.0 
300.0 350.0 0.0 SW 59.3 
300.0 400.0 0.0 SW 65.0 
300.0 500.0 0.0 SW 71. 0 
300.0 600.0 0.0 SB 74.0 
300.0 700.0 0.0 SB 77 .0 
350.0 50.0 0.0 SW 3.0 
350.0 100.0 0.0 SW 16.0 
350.0 200.0 0.0 SW 4·1. 0 
350.0 250.0 0.0 SW 44.0 
350.0 300.0 0.0 SW 50.0 
350.0 350.0 0.0 SW 54.0 
350.0 400.0 0.0 SW 56.3 
350.0 500.0 0.0 SB 66.0 
350.0 600.0 0.0 SB 74.0 
300.0 700.0 0.0 SB 76.0 
400.0 50.0 0.0 SW 5.0 
400.0 100.0 0.0 SW 14.0 
400.0 200.0 0.0 SW 32.5 
400.0 400.0 0.0 SW 53.0 




QOIL QWATER ANGLE FLOW INTERFACE 
(BID) ( B/[]) DEGREES REGIME (CM) 
------
------- ------ 400.0 700.0 0.0 MB 73.0 
500.0 50.0 0.0 SW -6.0 
500.0 100.0 0.0 SW 12.0 
500.0 400.0 0.0 SB 46.0 
500.0 600.0 0.0 SB 57.5 
500.0 700.0 0.0 MB 63.0 
600.0 50.0 0.0. SW -1. 0 
600.0 100.0 0.0 SW 7.0 
600.0 200.0 0.0 SW 21. 0 
600.0 400.0 0.0 SB 39.6 
600.0 600.0 0.0 MB 53.0 
600.0 700.0 0.0 MB 59.3 
700.0 100.0 0.0 SW 6.3 
700.0 200.0 0.0 SW 22.7 
700.0 400.0 0.0 SB 34.7 
700.0 600.0 0.0 MB 52.7 
700.0 700.0 0.0 MB 55.3 
50.0 50.0 -15.0 swc -2.0 
50.0 100.0 -15.0 swc 13.0 
50.0 150.0 -15.0 swc 25.3 
50.0 200.0 -15.0 swc 42.5 
50.0 250.0 -15.0 swc 64.3 
50.0 300.0 -15.0 swc 78.0 
50.0 350.0 -15.0 swc 84.0 
50.0 400.0 ’ 15.0 swc 95.0 
50.0 500.0 -15.0 swc 101. 0 
50.0 600.0 -15.0 swc 103.7 
50.0 700.0 -15.0 SW 111. 0 
100.0 100.0 -15.0 swc 19.2 
100.0 200.0 -15.0 swc 35.0 
100.0 400.0 -15.0 swc 86.0 
100.0 600.0 -15.0 SW 97.7 
100.0 700.0 -15.0 SB 102.3 
150.0 50.0 -15.0 SW 1. 5 
150.0 100.0 -15.0 SW 11. 3 
150.0 150.0 -15.0 SW 20.3 
150.0 200.0 -15.0 SW 30.3 




QOIL QWATER ANGLE FLOW INTERFACE 
(BID) (B/D) DEGREES REGIME (CM) 
－皿－－－－
------- 
.... .. ，．．．．．，因．．，．．．．．．．，.. ．，．．．圃，．．．．．．，．．．．．．．，.. 
…..…………………· 
150.0 300.0 -15.0 SW 44.0 
150.0 350.0 -15.0 SW 49.7 
150.0 400.0 -15.0 SW 59.0 
150.0 500.0 -15.0 SW 71.0 
150.0 600.0 -15.0 SW 79.0 
100.0 700.0 -15.0 SB 87.0 
200.0 50.0 -15.0 SW -4.0 
200.0 100.0 -15.0 SW 7.0 
200.0 150.0 -15.0 SW 20.3 
200.0 200.0 -15.0 SW 25.0 
200.0 250.0 -15.0 SW 35.3 
200.0 300.0 -15.0 SW 40.3 
200.0 350.0 -15.0 SW 46.0 
200.0 400.0 -15.0 SW 55.0 
200.0 500.0 -15.0 SW 67.7 
200.0 600.0 -15.0 SW 76.0 
200.0 700.0 -15.0 SB 80.0 
250.0 50.0 -15.0 SW -7.0 
250.0 100.0 -15.0 SW 7.0 
250.0 150.0 -15.0 SW 14.3 
250.0 200.0 -15.0 SW 23.0 
250.0 250.0 -15.0 SW 33.0 
250.0 300.0 .-15. 0 SW 39.7 
250.0 350.0 -15.0 SW 45.0 
250.0 400.0 自 15.0 SW 49.0 
250.0 500.0 -15.0 SW 58.7 
250.0 600.0 -15.0 SB 69.7 
250.0 700.0 -15.0 SB 78.7 
300.0 50.0 -15.0 SW -3.0 
300.0 100.0 -15.0 SW 4.0 
300.0 150.0 -15.0 SW 17.3 
300.0 200.0 -15.0 SW 21. 7 
300.0 250.0 -15.0 SW 28.7 
300.0 300.0 -15.0 SW 35.0 
300.0 350.0 -15.0 SW 40.0 
300.0 400.0 ’ 15.0 SW 46.0 
300.0 500.0 -15.0 SW 53.7 
300.0 600.0 -15.0 SB 66.0 




QOIL QWATER ANGLE FLOW INTERFACE 
(BID) (8/[]) DEGREES REIGME (C问）
------- ------- ------ 
......,.............. ... 
350.0 50.0 -15.0 SW -0.7 
350.0 100.0 -15.0 SW 16.0 
350.0 200.0 -15.0 SW 22.7 
350.0 250.0 -15.0 SW 29.7 
350.0 300.0 -15.0 SW 33.0 
350.0 350.0 -15.0 SW 36.0 
350.0 400.0 -15.0 SW 45.3 
350.0 500.0 -15.0 SW 51. 0 
350.0 600.0 -15.0 SB 69.0 
350.0 700.0 -15.0 SB 78.0 
400.0 50.0 -15.0 SW -3.0 
400.0 100.0 -15.0 SW 4.3 
400.0 200.0 -15.0 SW 22.0 
400.0 400.0 -15.0 SW 43.0 
400.0 600.0 -15.0 MB 64.0 
400.0 700.0 -15.0 MB 71.0 
500.0 50.0 -15.0 SW -6.0 
500.0 100.0 -15.0 SW 0.0 
500.0 400.0 -15.0 SB 36.0 
500.0 600.0 -15.0 MB 57.0 
500.0 700.0 -15.0 问B 63.0 
600.0 50.0 -15.0 SW -5.0 
600.0 100.0 -15.0 SW 0.0 
600.0 200.0 -15.0 SW 17.7 
600.0 400.0 -15.0 SB 38.0 
600.0 600.0 -15.0 MB 55.7 
600.0 700.0 -15.0 MB 66.0 
700.0 100.0 -15.0 SW 4.0 
700.0 200.0 -15.0 SW 17.0 
700.0 400.0 -15.0 SB 38.0 
700.0 600.0 -15.0 MB 50.3 
700.0 700.0 -15.0 问B 58.3 
50.0 50.0 -30.0 swc -2.0 
50.0 100.0 -30.0 swc 17.3 
50.0 150.0 -30.0 swc 48.7 
50.0 200.0 -30.0 swc 59.0 
50.0 250.0 -30.0 swc 79.7 
50.0 300.0 -30.0 swc 92.3 




QOIL QWA丁 ER ANGLE FLOW INTERFACE 




50.0 400.0 -30.0 swc 102.0 
50.0 700.0 -30.0 SW 111. 7 
100. 0 100. 0 -30.0 swc 17.0 
100.0 200.0 -30.0 swc 49.3 
100.0 400.0 -30.0 swc 94.2 
100.0 600.0 -30.0 SW 99.0 
100.0 700.0 -30.0 SW 103.7 
150.0 50.0 -30.0 SW ’ 1. 0 
150.0 100.0 -30.0 SW 11. 0 
150.0 150.0 -30.0 SW 25.0 
150.0 200.0 -30.0 SW 30.0 
150.0 250.0 -30.0 SW 43.0 
150.0 300.0 -30.0 SW 49.0 
150.0 350.0 -30.0 SW 54.7 
150.0 400.0 -30.0 SW 68.0 
150.0 500.0 -30.0 SW 77 .0 
150.0 600.0 -30.0 SB 80.0 
150.0 700.0 『30.0 SB 85.3 
200.0 50.0 -30.0 SW -4.0 
200.0 100.0 -30.0 SW 13.0 
200.0 150.0 -30.0 SW 19.3 
200.0 200.0 -30.0 SW 34.0 
200.0 250.0 -30.0 SW 42.3 
200.0 300.0 -30.0 SW 47.3 
200.0 350.0 -30.0 SW 54.0 
200.0 400.0 -30.0 SW 62.3 
200.0 500.0 -30.0 SB 73.3 
200.0 600.0 -30.0 SB 79.7 
200.0 700.0 -30.0 SB 86.3 
250.0 50.0 -30.0 SW -5.0 
250.0 100.0 -30.0 SW 8.0 
250.0 150.0 -30.0 SW 21. 0 
250.0 200.0 -30.0 SW 30.0 
250.0 250.0 -30.0 SW 37.7 
250.0 300.0 -30.0 SW 48.3 
250.0 350.0 -30.0 SW 54.7 
250.0 400.0 -30.0 SW 60.0 
250.0 500.0 -30.0 SB 68.3 
250.0 600.0 -30.0 SB 74.7 
250.0 700.0 -30.0 SB 86.7 
300.0 50.0 』30.0 SW ” 1. 0 
300.0 100.0 -30.0 SW 3.7 




QOIL QWATER ANGLE FLOW INTERFACE 
(BID) (BID) DEGREES REGIME (CM) 
------- 
－－－－－』－
------ ------ 300.0 200.0 -30.0 SW 22.0 
300.0 250.0 -30.0 SW 25.0 
300.0 300.0 -30.0 SW 36.3 
300.0 350.0 -30.0 SW 47.7 
300.0 400.0 -30.0 SW 51. 0 
300.0 500.0 -30.0 SB 58.0 
300.0 600.0 -30.0 SB 70.0 
300.0 700.0 -30.0 MB 79.3 
350.0 50.0 -30.0 SW 1. 0 
350.0 100.0 -30.0 SW 14.0 
350.0 200.0 -30.0 SW 24.7 
350.0 250.0 -30.0 SW 30.3 
350.0 300.0 -30.0 SW 37.0 
350.0 350.0 -30.0 SW 47.0 
350.0 400.0 -30.0 SW 52.0 
350.0 500.0 -30.0 SW 63.7 
350.0 600.0 -30.0 SB 68.7 
350.0 700.0 ” 30.0 SB 78.0 
400.0 50.0 -30.0 SW -7.0 
400.0 100.0 -30.0 SW 3.0 
400.0 200.0 ’ 30.0 SW 21.0 
400.0 400.0 -30.0 SB 48.0 
400.0 600.0 -30.0 MB 64.0 
400.0 700.0 -30.0 问B 73.0 
500.0 50.0 -30.0 SW -6.0 
500.0 100.0 -30.0 SW 5.0 
500.0 400.0 -30.0 SB 38.5 
500.0 600.0 -30.0 SB 56.0 
500.0 700.0 -30.0 MB 63.5 
600.0 50.0 -30.0 SW ’ 10.0 
600.0 100.0 -30.0 SW -1. 0 
600.0 200.0 -30.0 SW 16.7 
600.0 400.0 -30.0 SB 40.0 
600.0 600.0 -30.0 MB 55.0 
600.0 700.0 -30.0 MB 64.7 
700.0 100.0 -30.0 SW 4.0 
700.0 200.0 -30.0 SW 23.0 
700.0 400.0 -30.0 SB 38.0 
700.0 600.0 -30.0 MB 51. 0 
700.0 700.0 -30.0 MB 58.0 
NOMENCLATURE 
A = flow cross-sectional area 
AD = annular-annular dispersed liquid flow 
c = wave velocity 
C = coefficient dependent on the size of disturbance; also constant 
in the friction factor correlation 
D = pipe diameter and hydraulic diameter 
DB = dispersed bubble flow 
f = friction factor 
F = modified Froude number, Equation (28) 
g = acceleration of gravity 
h = liquid level or gas cap 
I = intermittent (slug and plug) flow 
K = wavy flow, dimensionless parameter, Equation (32) 
m = exponent, Equation (5) 
n = exponent, Equation (5) 
P = pressure 
Re = Reynolds number 
s = Jefferys ’ sheltering coefficient 
S = perimeter over which the stress acts; a 1 so stratified fl ow 
SS = stratified smooth fl ow 
SW = stratified wavy flow 





velocity in the X direction 
v 
·- .
velocity normal to the X direction 
x 
- 
coordinate in the downstream direction 
x 
- 
Martinelli parameter, Equation (8) 
y 
- 




angle between the pipe axis and the horizontal, positive for 
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